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CERAMIC PROCESSES AND PRODUCTS 5 

j or prepare fine particles, shape them, and then stick them back together 

; by heating. The second basic process is to melt the material to form a 

liquid and then shape it during cooling and solidification; this is most 

I widely practiced in forming glasses. For completeness, we should also 

mention forming shapes in a mold or by dipping a form with a slurry 
containing a ceramic binder such as portland cement or ethyl silicate. 

f , Raw Materials. The types of minerals found in nature are controlled 

f mainly by the abundance of the elements and their geochemical charac- 

teristics. Since oxygen, silicon, and aluminum together account for 90% 

f of the elements in the earth's crust, as shown in Fig. 1.1, it is not 

surprising that the dominant minerals are silicates and aluminum silicates. 

i These, together with other mineral compounds of oxygen, constitute the 

>• great bulk of naturally occurring ceramic raw materials. 

e The mineral raw materials used in the ceramic industry are mainly 

d 
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inorganic nonmetallic crystalline solids formed by complex geologic 
processes. Their ceramic properties are largely determined by the crystal 
structure and the chemical composition of their essential constituents and 
the nature and amounts of accessory minerals present. The mineralogic 
characteristics of such materials and therefore their ceramic properties 
are subject to wide variation among different occurrences or even within 
the same occurrence, depending on the geological environment in which 
the mineral deposit was formed as well as the physical and chemical 
modifications that have taken place during subsequent geological history. 

Since silicate and aluminum silicate materials are widely distributed 
they are also inexpensive and thus provide the backbone of high-tonnage 
products of the ceramic industry and determine to a considerable extent 
its form. Low-grade clays are available almost everywhere- as a result 
the manufacture of building brick and tile not requiring exceptional' 
properties is a localized industry for which extensive beneficiation of the 
raw material is not appropriate. In contrast, for fine ceramics requiring the 
use of better-controlled raw materials, the raw materials are normally 
beneficiated by mechanical concentration, froth floatation, and other 
relatively inexpensive processes. For materials in which the value added 
during manufacture is high, such as magnetic ceramics, nuclear-fuel 
materials, electronic ceramics, and specialized refractories, chemical 
purification and even chemical preparation of raw materials may be 
necessary and appropriate. 

The raw materials of widest application are the clay minerals— fine- 
particle hydrous aluminum silicates which develop plasticity when mixed 
with water. They vary over wide limits in chemical, mineralogical and 
physical characteristics, but a common characteristic is their crystalline 
layer structure, consisting of electrically neutral aluminosilicate layers 
which leads to a fine particle size and platelike morphology and allows the 
particles to move readily over one another, giving rise to physical 
properties such as softness, soapy feel, and easy cleavage. Clays perform 
two important functions in ceramic bodies. First, their characteristic 
plasticity is basic to many of the forming processes commonly used- the 
ability of clay-water compositions to be formed and to maintain their 
shape and strength during drying and firing is unique. Second, they fuse 
over a temperature range, depending on composition, in such a way as to 
become dense and strong without losing their shape at temperatures 
which can be economically attained. 

The most common clay minerals and those of primary interest to 
ceramists, since they are the major component of high-grade clays, are 
based on the kaolinite structure, Al 2 (Si 2 0,XOH)<. Other compositions 
often encountered are shown in Table 1.1. 
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Kaolinite 

Halloysite 

Pyrophyllite 



Al 2 (Si 2 0 5 )(OH), 
Al 2 (Si 2 0 5 )(OH) 4 -2H 2 0 
Al 2 (Si 2 0 6 ) 2 (OH) 2 



Montmorillonite 



( aii "m^:)^ o ^(° h )' 



Mica 
Illite 



Al 2 K(Si,. i Al 0 . 5 0 5 ) l (OH), 
Al^Mg^i-^Su.s-jAlo.s^OMOH)* 



A related material is talc, a hydrous magnesium silicate with a layer 
structure similar to the clay minerals and having the ideal formula 
Mg,(Si 2 0,MOH)i. Talc is an important raw material for the manufacture 
of electrical and electronic components and for making tile. Asbestos 
minerals are a group of hydrous magnesium silicates which have a fibrous 
structure. The principal variety is chrysotile, Mg 3 Si 2 O s (OH) < . 

In addition to the hydrous silicates already discussed, anhydrous silica 
and silicate materials are basic raw materials for much of the ceramic 
industry. Si0 2 is a major ingredient in glass, glazes, enamels, refractories, 
abrasives, and whiteware compositions. It is widely used because it is' 
inexpensive, hard, chemically stable, and relatively infusable and has the 
ability to form glasses. There is a variety of mineral forms in which silica 
occurs, but by far the most important as a raw material is quartz. It is used 
as quartzite rock, as quartz sand, and as finely ground potter's flint. The 
major source of this material is sandstone, which consists of lightly 
bonded quartz grains. A denser quartzite, gannister, is used for refractory 
brick. Quartz is also used in the form of large, nearly perfect crystals, but 
these have been mostly supplanted by synthetic crystals, manufactured 
by a hydrothermal process. 

Together with quartz, which serves as a refractory backbone con- 
stituent, and clay, which provides plasticity, traditional triaxial porcelains 
(originally invented in China) include feldspar, an anhydrous aluminosili- 
cate containing K\ Na\ or Ca 1 * as a flux which aids in the formation of a 
glass phase. The major materials of commercial interest are potash 
feldspar (microcline or orthoclase), K(AISi J )0„ soda feldspar (albite), 
Na(AlSi 3 )0„ and lime feldspar (anorthite), Ca(Al 2 Si 2 )0.. Other related 
materials sometimes used are nepheline syenite, a quartzfree igneous 
rock composed of nephelite, Na 2 (AI 2 Si 2 )0„ albite, and microcline; also 
wollastomte, CaSiO,. One group of silicate minerals, the sillimanite" 
group, having the composition Al 2 Si0 3 , is used for the manufacture of 
refractories. 
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Most of the naturally occurring nonsilicate materials are used primarily 
^ f ~ton«- Aluminum oxide is mostly prepared from the'nTe "l 
bau x ,te by the Bayer process, wh.ch involves the selective leaching of the 

ntdTxL Y^h' S ° da - f0 " OWed by thC P reci P"ation of alumTnum 
tion ' . S ° me | baux,te ,s used dire ^'y the electric-furnace produc- 
both fm ?' b , Ut m ° St * firSt PUrified - oxide is produced 

Com 2T\? agMSlte ' MgGOj> and from magnesium 

MgfOH),, obtained from seawater or brines. Dolomite, a solid solution of 
calcium and magnesium carbonates with the formula CaMg(C0 3 ) 2 is used 
to make basic bnck for use in the steel industry. Anofher e rac"orv 
widely used for metallurgical purposes is chrome ore, w Jch £S£ 
primarily of a complex solid solution of spinels, (Mg,Fe)(AI Cr^ShX 
n^rar ^ matCria,; ^ ~ -^ ( of^arts W m h S 
Other mineral-based materials which are widely used include soda ash 
NaC0 3 , mostly manufactured from sodium chloride; borate materials' 
including kernite, Na 2 B 4 0 7 -4H 2 0, and borax, Na.B.dwOH.O used as 
fluxing agents; fluorspar, CaF„ used as a powerful flux for ome glaze 

S(ot S FKPo" P PhatC materia ' S m ° StIy dCriVed fr ° m ^ 
Although most traditional ceramic formulations are based on the use of 
natural mmeral materials which are inexpensive and readily avalble an 

E2£T of spec J a,ized ceramic ware depends on the ™££ 

Jty of chemically processed matenals which may or may not start directly 
from mined products and in which the particle-size character dcs and 
chemical punty are closely controlled. Silicon carbide for ab a 
manufactured by electrically heating mixtures of sand L coke to a 

nZSTAi* ^ 22Q °° C Whefe thCy ^ t0 f ° rm SiC anTeVbl 3 
monox.de. Already mentioned, seawater magnesia, Bayer alumina and 
soda ash are widely used chemical products. In the manure of 

nT^e ^ u a s n ed e a r PaCit0rS ' Ch ? miCa " y PUrifi6d Utania and ^rium c^bo- 

f ro r : ate t' A wide range ° f magnetic cerami « 

manufactured from chemically precipitated iron oxide. Nuclear-fuel 
e ements are manufactured from chemically prepared UO, Single Js 

ZelZ , r ° m a,Um,nUm ° Xide made b * Precipitating and 

carefully calcining alum in order to maintain good control of both 
chemistry and particle size. Special techniques of 

oTLT:^A dT ° Pl r ° { S ° 1Uti0n t0 f ° rm nomogeneo'us pS 
or small size and high purity are receiving increasing attention as is the 

and physical form. In general, raw-material preparation is clearly headed 
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''y toward the increasing use of mechanical, physical, and chemical purifica- 

ra l tion and upgrading of raw materials together with special control of 

ne particle size and particle-size distribution and away from the sole reliance 

lm on materials in the form found in nature. 

IC " Forming and Firing. The most critical factors affecting forming and 

g d firing processes are the raw materials and their preparation. We have to be 

* e > concerned with both the particle size and the particle-size distribution of 

°f the raw materials. Typical clay materials have a particle-size distribution 

" d which ranges from 0.1 to 50 microns for the individual particles. For the 

f y preparation of porcelain compositions the flint and feldspar constituents 

:ts have a substantially larger particle size ranging between 10 and 200 

-h microns. The fine-particle constituents, which for special ceramics may 

g- be less than 1 micron, are essential for the forming process, since colloidal 

suspensions, plastic mixes with a liquid-phase binder, and dry pressing all 

n > depend on very small particles flowing over one another or remaining in a 

Is stable suspension. For suspensions, the settling tendency is directly 

as proportional to the density and particle size. For plastic forming the 

coherence of the mass and its yield point are determined by the capillarity 

e » of the liquid between particles; this force is inversely proportional to the 

particle size. However, if all the material were of a uniformly fine particle 

>f size, it would not be feasible to form a high concentration of solids. 

in Mixing in a coarser material allows the fines to fill the interstices between 

1- the coarse particles such that a maximum particle-packing density is 

'y achieved at a ratio of about 70% coarse and 30% fine material when two 

icl particle sizes are used. In addition, during the drying process, shrinkage 

is i results from the removal of water films between particles. Since the 

a number of films increases as the particle size decreases, bodies prepared 

n with a liquid binder and all fine-particle materials have a high shrinkage 

d during drying and the resultant problems of warping and distortion. 

>f In addition to a desired particle size and particle-size distribution, 

>- intimate mixing of material is necessary for uniformity of properties 

s within a body and for the reaction of individual constituents during the 

; 1 firing process. For preparing slurries or a fine-grain plastic mass, it is the 

i- usual practice to use wet mixing, with the raw materials placed together in 

n ball mills or a blunger. Shearing stresses developed in the mixing process 

i improve the properties of a plastic mix and ensure the uniform distribu- 

n tion of the fine-grain constituent. For dewatering the wet-milled mix, 

n either a filter press may be used, or more commonly spray-drying, in 

s which droplets of the slurry are dried with a countercurrent of warm air to 

e maintain their uniform composition during drying. The resulting aggre- 

1 gates, normally 1 mm or so in size, flow and deform readily in subsequent 

. i forming. 
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Since the firing process also depends on the capillary forces resulting 
from surface energy to consolidate and densify the material and since 
these forces are inversely proportional to particle size, a substantial 
percentage of fine-particle material is necessary for successful firing The 
clay minerals are unique in that their fine particle size provides both the 
capability for plastic forming and also sufficiently large capillary forces 
for successful firing. Other raw materials have to be prepared by chemical 
precipitation or by milling into the micron particle range for equivalent 
results to be obtained. 

Perhaps the simplest method of compacting a ceramic shape consists of 
forming a dry or slightly damp powder, usually with an organic binder in 
a metal die at sufficiently high pressures to form a dense, strong piece 
This method is used extensively for refractories, tiles, special electrical 
and magnetic ceramics, spark-plug insulators and other technical 
ceramics, nuclear-fuel pellets, and a variety of products for which large 
numbers of simple shapes are required. It is relatively inexpensive and 
can form shapes to close tolerances. Pressures in the range of 3000 to 
30,000 psi are commonly used, the higher pressures for the harder 
materials such as pure oxides and carbides. Automatic dry pressing at 
high rates of speed has been developed to a high state of effectiveness 
One limitation is that for a shape with a high length-to-diameter ratio the 
fractional forces of the powder, particularly against the die wall lead to 
pressure gradients and a resulting variation of density within the piece 
During firing these density variations are eliminated by material flow 
during sintering; it necessarily follows that there is a variation in 
shrinkage and a loss of the original tolerances. One modification of the 
dry-pressing method which leads to a more uniform density is to enclose 
the sample in a rubber mold inserted in a hydrostatic chamber to make 
pieces by hydrostatic molding, in which the pressure is more uniformly 
applied. Variations in sample density and shrinkage are less objection- 
able. This method is widely used for the manufacture of spark-plug 
insulators and for special electrical components in which a high degree of 
uniformity and high level of product quality are required. 

A quite different method of forming is to extrude a stiff plastic mix 
through a die orifice, a method commonly used for brick, sewer pipe 
hollow tile, technical ceramics, electrical insulators, and other materials' 
having an axis normal to a fixed cross section. The most widely practiced 
method is to use a vacuum auger to eliminate air bubbles, thoroughly mix 
the body with 12 to 20% water, and force it through a hardened steel or 
carbide die. Hydraulic piston extruders are also widely used. 

The earliest method of forming clay ware, one still widely used, is to 
add enough water so that the ware can readily be formed at low pressures. 
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This may be done under hand pressure such as building ware with coils, 
free-forming ware, or hand throwing on a potter's wheel. The process can 
be mechanized by soft-plastic pressing between porous plaster molds and 
also by automatic jiggering, which consists of placing a lump of soft 
plastic clay on the surface of a plaster-of-paris mold and rotating it at 
about 400 rpm while pulling a profile tool down on the surface to spread 
the clay and form the upper surface. 

When a larger amount of water is added, the clay remains sticky plastic 
until a substantial amount has been added. Under a microscope it is seen 
that individual clay particles are gathered in aggregates or floes. However, 
if a small quantity of sodium silicate is added to the system, there is a 
remarkable change, with a substantial increase in fluidity resulting from 
the individual particles being separated or defiocculated. With proper 
controls a fluid suspension can be formed with as little as 20% liquid, and 
a small change in the liquid content markedly affects the fluidity. When a 
suspension such as this is cast into a porous plaster-of-paris mold, the 
mold sucks liquid from the contact area, and a hard layer is built on the 
surface. This process can be continued until the entire interior of the mold 
is filled (solid casting) or the mold can be inverted and the excess liquid 
poured out after a suitable wall thickness is built up (drain casting). 

In each of the processes which require the addition of some water 
content, the drying step in which the liquid is removed must be carefully 
controlled for satisfactory results, more so for the methods using a higher 
liquid content. During drying, the initial drying rate is independent of the 
water content, since in this period there is a continuous film of water at 
the surface. As the liquid evaporates, the particles become pressed more 
closely together and shrinkage occurs until they are in contact in a solid 
structure free from water film. During the shrinkage period, stresses, 
warping, and possibly cracks may develop because of local variations in 
the liquid content; during this period rates must be carefully controlled. 
Once the particles are in contact, drying can be continued at a more rapid 
rate without difficulty. For the dry-pressing or hydrostatic molding 
process, the difficulties associated with drying are avoided, an advantage 
for these methods. 

After drying, ceramic ware is normally fired to temperatures ranging 
from 700 to 1800°C, depending on the composition and properties desired. 
Ware which is to be glazed or decorated may be fired in different ways. 
The most common procedure is to fire the ware without a glaze to a 
sufficiently high temperature to mature the body; then a glaze is applied 
and fired at a low temperature. Another method is to fire the ware initially 
to a low temperature, a bisque fire; then apply the glaze and mature the 
body and glaze together at a higher temperature. A third method is to 
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12 INTRODUCTION TO CERAMICS ' 

apply the glaze to the unfired ware and heat them together in a one-fire 

process. bi 

During the firing process, either a viscous liquid or sufficient atomic !!! 
mobility in the solid is developed to permit chemical reactions grain 
growth, and sintering; the last consists of allowing the forces of surface 
tension to consolidate the ware and reduce the porosity. The volume 8 
shrinkage which occurs is just equal to the porosity decrease and varies te 
from a few to 30 or 40 vol%, depending on the forming process and the !u 
ultimate density of the fired ware. For some special applications, com- t 
plete density and freedom from all porosity are required, but for other ^ 3 

applications some residual porosity is desirable. If shrinkage proceeds at 
an uneven rate during firing or if part of the ware is restrained from 
shrmking by friction with the material on which it is set, stresses, warping 
and cracking can develop. Consequently, care is required in setting the 
ware to avoid friction. The rate of temperature rise and the temperature 
uniformity must be controlled to avoid variations in porosity and shrin- 
kage The nature of the processes taking place is discussed in detail in , wl 
Chapters 11 and 12. wl 

Several different types of kilns are used for firing ware. The simplest is 4 ° 
a skove kiln in which a benchwork of brick is set up inside a surface 
coating with combustion chambers under the material to be fired ? F 
Chamber kilns of either the up-draft or down-draft type are widely used [l 
for batch firing in which temperature control and uniformity need not be 
too precise. In order to achieve uniform temperatures and maximum use 
of fuel, chamber kilns in which the air for combustion is preheated by the 1 
cooling ware in an adjacent chamber, the method used in ancient China, is ' 
employed. The general availability of more precise temperature controls ] 
for gas oil and electric heating and the demands for ware uniformity 
have led to the increased use of tunnel kilns in which a temperature profile 
is mamtained constant and the ware is pushed through the kiln to provide 

L P ob C taTnfd nn8 SChCdUle UndCr COn ' i,i0nS SUCh that CffeCtive COntrol can ! inc 

Melting and Solidification. For most ceramic materials the high vol- ™ 
Th^ k -», 0CCUrring dUring so,idification . the low thermal conductivity, 1 
and the brittle nature of the solid phase have made melting and solidifica- 
tion processes comparable with metal casting and foundry practice 1 
.nappropnate. Recently, techniques have been developed for unidirec- 

IvoTIh ^ °" W u Ch many ° f thCSC difficu,ties can be substantially 
avoided. This process has mainly been applied to forming controlled 1 
structures of metal alloys which are particularly attractive for applica- 
tions such as turbine blades for high-temperature gas turbines. So far as 
we are aware, there is no large scale manufacture of ceramics in this way 
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but we anticipate that the development of techniques for the unidirec- 
tional solidification of ceramics will be an area of active research during 
the next decade. 

Another case in which these limitations do not apply is that of 
glass-forming materials in which the viscosity increases over a broad 
temperature range so that there is no sharp volume discontinuity during 
solidification and the forming processes can be adjusted to the fluidity of 
the glass. Glass products are formed in a high-temperature viscous state 
by five general methods: (1) blowing, (2) pressing, (3) drawing, (4) rolling, 
and (5) casting. The ability to use these processes depends to a large 
extent on the viscous flow characteristics of the glass and its dependence 
on temperature. Often surface chilling permits the formation of a stable 
shape while the interior remains sufficiently fluid to avoid the buildup of 
dangerous stresses. Stresses generated during cooling are relieved by 
annealing at temperatures at which the force of gravity is insufficient to 
cause deformation. This is usually done in an annealing oven or lehr 
which, for many silicate glasses, operates at temperatures in the range of 
400 to 500°C. 

The characteristics most impressive about commercial glass-forming 
operations are the rapidity of forming and the wide extent of automation. 
Indeed, this development is typical of the way in which technical progress 
affects an industry. Before the advent of glass-forming machinery, a 
major part of the container industry was based on ceramic stoneware. 
Large numbers of relatively small stoneware potters existed solely for the 
manufacture of containers. The development of automatic glass-forming 
machinery allowing the rapid and effective production of containers on a 
continuous basis has eliminated stoneware containers from common use. 

Special Processes. In addition to the broadly applicable and widely 
used processes discussed thus far, there is a variety of special processes 
which augment, modify, extend, or replace these forming methods. These 
include the application of glazes, enamels, and coatings, hot-pressing 
materials with the combined application of pressure and temperature, 
methods of joining metals to ceramics, glass crystallization, finishing and 
machining operations, preparation of single crystals, and vapor- 
deposition processes. 

Much ceramic ware is coated with a glaze, and porcelain enamels are 
commonly applied on a base of sheet steel or cast iron as well as for 
special jewelry applications. Glazes and enamels are normally prepared in 
a wet process by milling together the ingredients and then applying the 
coating by brushing, spraying, or dipping. For continuous operation, 
spray coating is most frequently used, but for some applications more 
satisfactory coverage can be obtained by dipping or painting. For 
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porcelain enamels on cast iron, large castings hea^H in * t 
coated with a dry enamel powder LcT^T^nJ^T 
over the surface, where it fuses and stickTt addlttn 
used processes, special coatings for t££££££ il nZn^T 
flame spraying to obtain a refractory dense laver JL?, T by 
coating have been formed by mp^^'SSjS'. 
•ngs have been apphed by chemical vapor deposition- elwSnrT 

high temperature is an effective technique mostly used for S 

of a simple configuration. At lower tempemures itl l Sn \ a " sam P Ies 

sampfe, which n^es >he method s l„w XxSivf 8 """ d Md 

sealing ^tSr^C£T£" tt rL* ,CW T' "'^ and 

zirconium have been used ^ conta,nin 8 titanium or 

One of the most important developments in cmm i, t ■ ■ 
to use a composition which can he forT^ f C form,ng has been 
subsequent to forminV nt« ? ^ T 3 8,385 a " d lhen transformed 

size and amount riacc.v ~ ■ 

containing crystals of controlled 

glasses, in wluift^'S^* Sf/" ^ Striki " 8 gold - rub y 
P-Ces. Duri „g ^idl^ 
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ire occurs; subsequent reheating into the growth region develops proper 

ily crystallite sizes for the colloidal ruby color. In the past 10 years there has 

ily been extensive development of glasses in which the volume of crystals 

by formed is much larger than the volume of the residual glass. By controlled 

ed nucleation and growth, glass-ceramics are made in which the advantage of 

at- automatic glass-forming processes is combined with some of the desirable 

tic properties of a highly crystalline body. 

ad For most forming operations, some degree of finishing or machining is 
required which may range from fettling the mold lines from a slip-cast 

:or shape to diamond-grinding the final contour of a hard ceramic. For hard 

ith materials such as aluminum oxide, as much machining as feasible is done 

ies in the unfired state or the presintered state, with final finishing only done 

is on the hard, dense ceramic where required. 

lin A number of processes have been developed for the formation of 

;ss ceramics directly from the vapor phase. Silica is formed by the oxidation 

of of silicon tetrachloride. Boron and silicon carbide fibers are made by 

ity introducing a volatile chloride with a reducing agent into a hot zone, 

ng where deposition occurs on a fine tungsten filament. Pyrolytic graphite is 

fid prepared by the high-temperature deposition of graphite layers on a 
substrate surface by the pyrolytic decomposition of a carbon-containing 

ri- gas. Many carbides, nitrides, and oxides have been formed by similar 

»r- processes. For electronic applications, the development of single-crystal 

he films by these techniques appears to have many potential applications. 

,n » Thin-wafer substrates are formed by several techniques, mostly from 

ng alumina. A widely used development is the technique in which a fluid 

id body is prepared with an organic binder and uniformly spread on a 

he moving nonporous belt by a doctor blade to form thin, tough films which 

ie can subsequently be cut to shape; holes can be introduced in a high-speed 

id punch press. 

ie There is an increasing number of applications in which it is necessary or 

n- desirable to have single-crystal ceramics because of special optical, 

s, electrical, magnetic, or strength requirements. The most widespread 

ig method of forming these is the Czochralski process, in which the crystal 

or is slowly pulled from a molten melt, a process used for aluminum oxide, 
ruby, garnet, and other materials. In the Verneuil process a liquid cap is 

:n maintained on a growing boule by the constant-rate addition of powdered 

:d material at the liquid surface. For magnetic and optical applications thin 

Jd single-crystal films are desirable which have been prepared by epitaxial 

>y growth from the vapor phase. Hydrothermal growth from solution is 

Id widely used for the preparation of quartz crystals, largely replacing the 

-s use of natural mineral crystals for device applications. 
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1.3 Ceramic Products 

The diversity of ceramic products which ran^ • 
single-crystal whiskers, tiny magnets/ cmps 
refractory furnace blocks, from single-phase closely contmLrf ,T 
tions to multiphase multicomponent brick, and l^ZTtLZZ 
crystals and glasses to lightweight insulating foams is such ?hatT? m ? 
classification is appropriate. From the point* view of ^JS,^^ 
ment and tonnage produced, it is convenient to consider the mmeralraw 

tz cts> most,y si,icates - s ~ f ™ — r 

Traditional Ceramics. We can define traditional ceramics as those 

ass s,,icate industries - primari,y c,ay ~ 

nJr T,° f ma J ine P ° ttery by f ° rmin 8 and burning clay has been 
pracuced from the earliest civilizations. Indeed the examination S 
pottery fragments has been one of the best tools of tfc 2 ZZ£ 
Burnt clayware has been found dating from about 6500 B.C. and w s we 1 
developed as a commercial product by about 4000 b c 
Similarly the manufacture of silicate glasses is an ancient art Naturall v 

^sT^ 7 ( ° bSidian) WCre USCd dUrin * the Stone Age^nd the e 
was a stable industry in Egypt by about 1500 b c 

In contrast, the manufacture of portland cement has only been orac 
ticed f Gr b t 1(;0 years The Romans comb . ned burn y d b ^ P-- 

volcamc ash to make a natural hydraulic cement; the art seems th^to 
have disappeared, but the hydraulic properties o lightly b3 clayey 
imes were red.scovered in England about ,750, and in the nex™ 100 yea's 
deveZTi ^ PrOCCSS ' eSSentia " y thC — aS that — notf was 
By far the largest segment of the silicate ceramic industry is the 
m^ufacture of various glass products. These are manufactured mo v 
od,um-calc,um-s,hcate glasses. The next largest segment of the ceramtc 
industry ,s hme and cement products. In this category the larees Z ™5 
materials is hydraulic cements such as those u^^£%£ 
on. A much more diverse group of products is included in the class^a 

6rOUP indUdeS P ° ttery ' P^ain an^iS 
sSSKT CC ' co ™P° slUo ™ w "ich comprise a wide variety of 
poTjT^lt ? C " eXt dassificatio " of traditional ceramics 

mefals ilh Z • ^ W main,y silicate * ,asslike ratings on 
metals Another distinct group is the structural clay products which 

such as sewer p.pe. A particularly important group of the traditional 
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ceramics industry is refractories. About 40% of the refractory industry 
consists of fired-clay products, and another 40% consists of heavy 
nonclay refractories such as magnesite, chromite, and similar composi- 
tions. In addition there is a sizable demand for various special refractory 
compositions. The abrasives industry produce mainly silicon carbide and 
aluminum oxide abrasives: Finally, a segment of the ceramic industry 
which does not produce ceramic products as such is concerned with the 
mineral preparation of ceramic and related raw materials. 

Most of these traditional ceramics could be adequately defined as the 
silicate industries, which indeed was the description originally proposed 
for the American Ceramic Society in 1899. The silicate industries still 
compose by far the largest part of the whole ceramic industry, and from 
this point of view they can be considered the backbone of the field. 

New Ceramics. In spite of its antiquity, the ceramic industry is not 
stagnant. Although traditional ceramics, or silicate ceramics, account for 
the large bulk of material produced, both in tonnage and in dollar volume, 
a variety of new ceramics has been developed in the last 20 years. These 
are of particular interest because they have either unique or outstanding 
properties. Either they have been developed in order to fulfill a particular 
need in greater temperature resistance, superior mechanical properties, 
special electrical properties, and greater chemical resistivity, or they have 
been discovered more or less accidentally and have become an important 
part of the industry. In order to indicate the active state of development, it 
may be helpful to describe briefly a few of these new ceramics. 

Pure oxide ceramics have been developed to a high state of uniformity 
and with outstanding properties for use as special electrical and refrac- 
tory components. The oxides most often used are alumina (AI 2 0 3 ), 
zirconia (Zr0 2 ), thoria (Th0 2 ), beryllia (BeO), magnesia (MgO), spinel 
(MgAl 2 0<), and forsterite (M&SiCM. 

Nuclear fuels based on uranium dioxide (U0 2 ) are widely used. This 
material has the unique ability to maintain its good properties after long 
use as a fuel material in nuclear reactors. 

Electrooptic ceramics such as lithium niobate (LiNb0 3 ) and 
lanthanum-modified lead zirconate titanate (PLZT) provide a medium by 
which electrical information can be transformed to optical information or 
by which optical functions can be performed on command of an electrical 
signal. 

Magnetic ceramics with a variety of compositions and uses have been 
developed. They form the" basis of magnetic memory units in large 
computers. Their unique electrical properties are particularly useful in 
high-frequency microwave electronic applications. 

Single crystals of a variety of materials are now being manufactured, 
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either to replace natural crystals which are unavailable or for their own 
unique properties. Ruby and garnet laser crystals and sapphire tubes and 
substrates are grown from a melt; large quartz crystals are grown by a 
hydrothermal process. 

Ceramic nitrides with unusually good properties for special applica- 
tions have been developed. These include aluminum nitride, a laboratory 
refractory for melting aluminum; silicon nitrides and SiAlON, commer- 
cially important new refractories and potential gas turbine components; 
and boron nitride, which is useful as a refractory. 

Enamels for aluminum have been developed and have become an 
important part of the architectural industry. 

Metal -ceramic composites have been developed and are now an 
important part of the machine-tool industry and have important uses as 
refractories. The most important members of this group are various 
carbides bonded with metals and mixtures of a chromium alloy with 
aluminum oxide. 

Ceramic carbides with unique properties have been developed. Silicon 
carbide and boron carbide in particular are important as abrasive 
materials. 

Ceramic borides have been developed which have unique properties of 
high-temperature strength and oxidation resistance. 

Ferroelectric ceramics such as barium titanate have been developed 
which have extremely high dielectric constants and are particularly 
important as electronic components. 

Nonsilicate glasses have been developed and are particularly useful for 
infrared transmission, special optical properties, and semiconducting 
devices. 

Molecular sieves which are similar to, but are more controlled than 
natural zeolite compositions are being made with controlled structures so 
that the lattice spacing, which is quite large in these compounds, can be 
used as a means of separating compounds of different molecular sizes 

Glass -ceramics are a whole new family of materials based on fabricat- 
ing ceramics by forming as a glass and then nucleating and crystallizing to 
form a highly crystalline ceramic material. Since the original introduction 
of Pyroceram by the Corning Glass Works the concept has been extended 
to dozens of compositions and applications. 

Porefree polycrystalline oxides have been made based on alumina, 
yttna, spinel, magnesia, ferrites, and other compositions. 

Literally dozens of other new ceramic materials, unknown 10 or 20 
years ago are now being manufactured and used. From this point of view 
the ceramic industry is one of our most rapidly changing industries, with 
new products having new and useful properties constantly being de- 
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veloped. These ceramics are being developed because there is a real need 
for new materials to transform presently available designs into practical, 
serviceable products. By far the major hindrance to the development of 
many new technologically feasible structures and systems is the lack of 
satisfactory materials. New ceramics are constantly filling this need. 

New Uses for Ceramics. In the same way that the demand for new and 
better properties has led to the development of new materials, the 
availability of new materials had led to new uses based on their unique 
properties. This cycle of new ceramics-new uses-new ceramics has 
accelerated with the attainment of a better understanding of ceramics and 
their properties. 

One example of the development of new uses for ceramics has 
occurred in the field of magnetic ceramic materials. These materials have 
hysteresis loops which are typical for ferromagnetic materials. Some have 
very nearly the square loop that is most desirable for electronic computer 
memory circuits. This new use for ceramics has led to extensive studies 
and development of materials and processes. 

Another example is the development of nuclear power, which requires 
uranium-containing fuels having large fractions of uranium (or sometimes 
thorium), stability against corrosion, and the ability to withstand the 
fissioning of a large part of the uranium atoms without deterioration. For 
many applications U0 2 is an outstanding material for this fuel. Urania 
ceramics have become an important part of reactor technology. 

In rocketry and missile development two critical parts which must 
withstand extreme temperatures and have good erosion resistance are the 
nose cone and the rocket throat. Ceramic materials are used for both. 

For machining metals at high speeds it has long been known that oxide 
ceramics are superior in many respects as cutting tools. However, their 
relatively low and irregular strength makes their regular use impossible. 
The development of alumina ceramics with high and uniform strength 
levels has made them practicable for machining metals and has opened up 
a new field for ceramics. 

In 1946 it was discovered that barium titanate had a dielectric constant 
100 times larger than that of other insulators. A whole new group of these 
ferroelectric materials has since been discovered. They allow the man- 
ufacture of capacitors which are smaller in size but have a larger capacity 
than other constructions, thus improving electronic circuitry and develop- 
ing a new use for ceramic materials. 

In jet aircraft and other applications metal parts have had to be formed 
from expensive, and in wartime unobtainable, alloys to withstand the 
moderately high temperatures encountered. When a protective ceramic 
coating is applied, the temperature limit is increased, and either higher 
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temperatures can be reached or less expensive and less critical alloys can 
be substituted. 

Many further applications of ceramics which did not even exist a few 
years ago can be cited, and we may expect new uses to develop that we 
cannot now anticipate. 
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Ceramic Phase- 
Equilibrium 
Diagrams 



At equilibrium a system is in its lowest free energy state for the 
composition, temperature, pressure, and other imposed conditions. When 
a given set of system parameters is fixed, there is only one mixture of 
phases that can be present, and the composition of each of these phases is 
determined. Phase-equilibrium diagrams provide a clear and concise 
method of graphically representing this equilibrium situation and are an 
invaluable tool for characterizing ceramic systems. They record the 
composition of each phase present, the number of phases present, and the 
amounts of each phase present at equilibrium. 

x The time that it takes to reach this equilibrium state from any arbitrary 



starting point is highly variable and depends on factors other than the final 
equilibrium state. Particularly for systems rich in silica the high viscosity 
of the liquid phase leads to slow reaction rates and very long times before 
equilibrium is established; equilibrium is rarely achieved. For these 
systems and for others, metastable equilibrium, in which the system tends 
to a lower but not the lowest free energy state, becomes particularly 
important. 

It is obvious that the phases present and their composition are an 
essential element in analysing, controlling, improving, and developing 
ceramic materials. Phase diagrams are used for determining phase and 
composition change occurring when the partial pressure of oxygen or 
other gases is changed, for evaluating the effects of heat treatments on 
crystallization and precipitation processes, for planning new composi- 
tions, and for many other purposes. We have already seen the importance 
of thermodynamic equilibrium in our discussions of single-phase systems: 
crystalline solid solutions (Chapter 2), crystalline imperfections (Chapter 

4) , structure of glasses (Chapter 3), and surfaces and interfaces (Chapter 

5) . In this chapter we concentrate our attention on equilibria involving 
two or more phases. 
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7.1 Gibbs's Phase Rule 

When a system is in equilibrium, it is necessary that the temperature 
and pressure be un.form throughout and that the chemical potemS or 
vapor pressure of each constituent be the same in every phase Othemis e 

nart n?7 b ? tendCnCy f ° r hCat ° r material to be tierred fror one 
part of the system to some other part. In ,874 J. Willard Gibbs* showed 
that these equilibrium conditions can occur only if the relationship 

P + V = C + 2 

1?*?*' ™ S iS kn ° Wn as the phase "* le > ^th P being the number of 
phases present at eqmlibrium, V the variance or number of degrees of 
freedom, and C the number of components. This relationship is the basis 
for prepanng and using phase-equilibrium diagrams 

A phase IS defined as any part of the system which is physically 
homogeneous and bounded by a surface so that it is mechanSlv 
separable from other parts of the system. It need not be conUnuous'2 

freedom or the vanance is the number of intensive variables (pressure 
temperature composition) that can be altered independently and aTbhrar 
•ly w,thout bringing about the disappearance of a pLe or tL Lp^ance 

iLl °Z ^ Th u e , number of ^onents isL «niSSS?3 
independently vanable chemical constituents necessary and suffident to 
express he composition of each phase present. The meaning of the e 

Sw^sS: c,earer as they - applied t0 specific -tLs f 2Z 

.hf-fh 110 " 0 '! ° f the . phase ru,e fo,,ow s directly from the requirement that 
the chem.cal potential ft, of each constituent i be the same in evTrr D hase 

f^^T riUm - ^ P ° tential is ^ ^ thl S 2s 

which is the change in free energy of a system at constant temperature 
and pressure resulting from the addition of one mole of consZnU to 

he conceLTn ? ° f ^ there * "° appreciabIe ^ang n 

dSSS^h" ^ ^ W ' th ° COmponents ™ «ave an indepen- 

poluals For I M t COmp ° nent representi "8 th * quality of chemical 
potentials. For a system contammg P phases, we have 

Mi"- Mi* ~ **.' = •■• = ft/ (72) 
•Collected Works, Vol. 1. Longmans. Green & Co.. Ltd.. London. 1928. 
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a b c P 

etc. 



(7.3) 



which constitute C(P - 1) independent equations which serve to fix 
C(P - 1) variables. Since the composition of each phase is defined by 
C - 1 concentration terms, completely defining the composition of P 
phases requires P(C - 1) concentration terms, which together with the 
imposed conditions of temperature and pressure give 

Total number of variables = P(C - 1) + 2 (7.4) 

Variables fixed by equality of chemical potentials = C(P — 1) (7.5) 

Variables remaining to be fixed = P(C - l) + 2- C(P - 1) (7.6) 



V=C-P+2 



(7.7) 



which is Gibbs's phase rule (Eq. 7.1). 

The main limitation on the phase rule is that it applies only to 
equilibrium states, requiring homogeneous equilibrium within each phase 
and heterogeneous equilibrium between phases. Although a system in 
equilibrium always obeys the phase rule (and nonconformance proves 
that equilibrium does not exist), the reverse is not always true. That is, 
conformation with the phase rule is not a demonstration of equilibrium. 



7.2 One-Component Phase Diagrams 

In a single-component system the phases that can occur are vapor, 
liquid, and various polymorphic forms of the solid. (The energy of 
different polymorphic forms as related to temperature and crystallo- 
graphic structure has been discussed in Section 2.10, and might well be 
reviewed by the reader, since it is closely related to the present section.) 
The independent variables that cause appearance or disappearance* of 
phases are temperature and pressure. For example, when we heat water, 
it boils; if we cool it, it freezes. If we put it in an evacuated chamber, the 
water vapor pressure quickly reaches some equilibrium value. These 
changes can be diagrammatically represented by showing the phases 
present at different temperatures and pressures (Fig. 7.1). 

Since this is a one-component system, even the air phase is eliminated, 
and different phase distributions correspond to Fig. 7.2a to c. In actual 
practice measurements in which the vapor phase is unimportant are 
usually made at constant atmospheric pressure in a way similar to Fig. 
7.2d. Although this is not an ideal closed system, it closely approximates 
one as long as the vapor pressure is low compared with atmospheric 
pressure (so that we can ignore the insignificant vapor phase which would 
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W (6) (c) (d) 

Fig. 7.2. Experimental conditions for a single-component system with (a) one phase, 
(b) two phases, (c) three phases, and (d) common conditions, with the condensed phase 
exposed to a gas atmosphere. 



not exist at all in a closed system) or is equal to or greater than 
atmospheric pressure (so that the vapor phase has the partial pressure 
predicted by the phase diagram). For many condensed systems of 
interest, the first criterion is satisfied. 

In a one-component system the largest number of phases that can occur 
at equilibrium is given when the variance is zero: P + V = C +2, P + 0 = 
1 + 2, P = 3. When three phases are present at equilibrium (ice, water, 
vapor), as at point A in Fig. 7.1, any change in pressure or temperature 
causes the disappearance of a phase. The lines on the diagram represent 
conditions for two phases to exist together at equilibrium; for example, 
when liquid and vapor are present, as at point B, P + V = C + 2, 
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2+ V = 1 + 2, V = 1, and the variance is one. This means that either 
pressure or temperature, but not both, can be changed arbitrarily without 
the disappearance of a phase. If we change Ti to T 2 , P\ must also change 
to P 2 if both phases are to remain present. If only one phase is present, as 
at C, 

p + V = C+2, 1 + V = 1 + 2, V = 2, 

and both pressure and temperature can be arbitrarily changed without the 
appearance of a new phase. 

At 1 atm pressure, as shown in Fig. 7.1, equilibrium between the solid 
and liquid occurs at 0°C, the freezing point. Equilibrium coexistence of 
liquid and vapor occurs at 100°C, the boiling point. The slope of these 
phase-boundary curves is at any point determined by the Clausius- 
Clapeyron equation 



dp = Art 
dT T A V 



(7.8) 



where AH is the molar heat of fusion, vaporization, or transformation, 
A V is the molar volume change, and T is the temperature. Since AH is 
always positive and AV is usually positive on going from a low- 
temperature to a high-temperature form, the slopes of these curves are 
usually positive. Since A V is usually small for condensed-phase transfor- 
mations, lines between solid phases are often almost vertical. 

There are a number of applications of one-component phase diagrams 
in ceramics. Perhaps the most spectacular of these is the development of 
the commercial production of synthetic diamonds from graphite. High 
temperatures and high pressures are necessary, as shown in Fig. 7.3. In 
addition, the presence of a liquid metal catalyst or mineralizer such as 
nickel is required for the reaction to proceed at a useful rate. Another 
system which has been extensively studied at high pressure and tempera- 
ture is Si0 2 . At pressures above 30 to 40 kilobars a new phase, coesite, 
appears which has been found to occur in nature as a result of meteorite 
impacts. At even higher pressures, above 100 kilobars, another new 
phase, stishovite, has been found. 

Of greater interest for ceramic applications are the low-pressure phases 
of silica, still subject to some dispute as to the role of minor impurities, 
but illustrated schematically in Fig. 7.4. There are five condensed phases 
which occur at equilibrium — a -quartz, p -quartz, /3 2 -tridymite, /3- 
cristobalite, and liquid silica. At 1 atm pressure the transition tempera- 
tures are as shown. As discussed in Section 2.10, the a -quartz-/3 -quartz 
transition at 573° is rapid and reversible. The other transformations shown 
are sluggish, so that long periods of time are required to reach equilib- 




573* 870' 1470* 1713* 




Temperature 

Fig. 7.4. Equilibrium diagram for Si0 2 . 
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rium. The vapor pressure shown in the diagram is a measure of the 
chemical potential of silica in the different phases, and this same kind of 
diagram can be extended to include the metastable forms of silica which 
may occur (Fig. 7.5). The phase with the lowest vapor pressure (the heavy 
lines in the diagram) is the most stable at any temperature, the equilibrium 
phase. However, once formed, the transition between cristobalite and 
quartz is so sluggish that 0 -cristobalite commonly transforms on cooling 
into a -cristobalite. Similarly, 0 2 -tridymite commonly transforms into a- 
and /3-tridymite rather than into the equilibrium quartz forms. These are 
the forms present in the refractory silica brick, for example. Similarly, 
when cooled, the liquid forms silica glass, which can remain indefinitely in 
this state at room temperature. 

At any constant temperature there is always a tendency to transform 
into another phase of lower free energy (lower vapor pressure), and the 
reverse transition is thermodynamically impossible. It is not necessary, 
however, to transform into the lowest energy form shown. For example, 
at 1100° silica glass could transform into 0 -cristobalite, /3-quartz, or 
02-tridymite. Which of these transformations actually takes place is 
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Fig. 7.5. Diagram including metastable phases occurring in the system Si0 2 . 
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determined by the kinetics of these changes. In practice, when silica glass 
is heated for a long time at this temperature, it crystallizes, or devitrifies, 
to form cristobalite, which is not the lowest energy form but is structur- 
ally the most similar to silica glass. On cooling, 0 -cristobalite transforms 
into a-cristobalite. 

The silica system illustrates that the phase-equilibrium diagram graphi- 
cally represents the conditions for minimum free energy in a system; 
extension to include metastable forms also allows certain deductions 
about possible nonequilibrium behavior. Almost always, however, a 
number of alternative nonequilibrium courses are possible, but there is 
only one equilibrium possibility. 



7.3 Techniques for Determining Phase-Equilibrium Diagrams 

The phase-equilibrium diagrams discussed in the last section and in the 
rest of this chapter are the product of experimental studies of the phases 
present under various conditions of temperature and pressure. In using 
phase-equilibrium diagrams it is important to remember this experimental 
basis. In critical cases, for example, diagrams should not be used without 
referring directly to the original experimenter's description of exactly 
how the diagram was determined and with what detail the measurements 
were made. As additional measurements are carried out, diagrams are 
subject to constant revision. 

There is a large body of literature describing methods of determining 
phase equilibrium. In general, any physical or chemical difference be- 
tween phases or effect occurring on the appearance or disappearance of a 
phase can be used in determining phase equilibrium. Two general 
methods are used: dynamic methods use the change in properties of a 
system when phases appear or disappear, and static methods use a sample 
held under constant conditions until equilibrium is reached, when the 
number and composition of the phases present are determined. 

Dynamic Methods. The most common dynamic method is thermal 
analysis, in which the temperature of a phase change is determined from 
changes in the rate of cooling or heating brought about by the heat of 
reaction. Other properties such as electrical conductivity, thermal expan- 
sion, and viscosity have also been used. Under the experimental condi- 
tions used, the phase change must take place rapidly and reversibly at the 
equilibrium temperature without undercooling, segregation, or other 
nonequilibrium effects. In silicate systems the rate, of approach toward 
equilibrium is slow; as a result thermal-analysis methods are less Useful 
for silicates than they are for metals, for example. 
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Dynamic methods are suitable for determining the temperature of 
phase changes but give no information about the exact reactions taking 
place. In addition to the measurements of temperature changes then, 
phase identification before and after any phase change is required. This 
analysis is usually carried out by chemical determination of composition, 
determination of optical characteristics, X-ray determination of crystal 
structure, and microscopic examination of phase amounts and phase 
distribution. 

Static Methods. In contrast to dynamic measurements, static measure- 
ments often consist of three steps. Equilibrium conditions are held at 
elevated temperatures or pressures, the sample is quenched to room 
temperature sufficiently rapidly to prevent phase changes during cooling, 
and then the specimen is examined to determine the phases present. By 
carrying out these steps at a number of different temperatures, pressures, 
and compositions, the entire phase diagram can be determined. Some- 
times high-temperature X-ray and high-temperature microscopic exami- 
nations can determine the phases present at high temperatures, making 
quenching unnecessary. 

For silicate systems the major problem encountered in determining 
phase-equilibrium diagrams is the slow approach toward equilibrium and 
the difficulty in ensuring that equilibrium has actually been reached. For 
most systems this means that static measurements are necessary. A 
common technique is to mix together carefully constituents in the correct 
ratio to give the final composition desired. These are held at a constant 
temperature in platinum foil; after rapid cooling, the mixture is reground 
in a mortar and pestle and then heated for a second time and quenched. 
The phases present are examined, the sample mixture remixed, reheated, 
and quenched again. The resulting material is then reexamined to ensure 
that the phase composition has not changed. 

This process requires much time and effort; since several thousand 
individual experiments, such as those just described, may be necessary 
for one ternary diagram, we can understand why only a few systems have 
been completely and exhaustively studied. 

Reliability of Individual Diagrams. In general, the original experi- 
menter investigating a particular phase diagram is usually concerned with 
some limited region of composition, temperature, and pressure. His effort 
is concentrated in that area, and the other parts of the phase diagram are 
determined with much less precision and detail. As reported in summariz- 
ing descriptions (such as those given in this chapter), the diagram is not 
evaluated as to which parts are most reliable. As a result, although the 
general configuration of diagrams given can be relied on, the exact 
temperatures and compositions of individual lines or points on the 
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diagram should only be accepted with caution. They represent the results 
of difficult experimental techniques and analysis. 

These cautions are particularly applicable to regions of limited crystal- 
line solution at high temperatures, since for many systems exsolution 
occurs rapidly on cooling and for many systems this was not a feature of 
the experimenters' interest. Similarly, phase separation at moderate and 
low temperatures often results in submicroscopic phases which are not 
recognized without the use of electron microscopy and electron diffrac- 
tion, which have not as yet been widely applied to crystalline solid 
solutions. 



7.4 Two-Component Systems 

In two-component systems one additional variable, the composition, is 
introduced so that if only one phase is present, the variance is three: 
P + V = C + 2, 1 + V = 2 + 2, V = 3. In order to represent the pressure, 
temperature, and composition region of the stability of a single phase, a 
three-dimensional diagram must be used. However, the effect of pressure 
is small for many condensed-phase systems, and we are most often 
concerned with the systems at or near atmospheric pressure. Conse- 
quently, diagrams at constant pressure can be drawn with temperature 
and composition as variables. A diagram of this kind is shown in Fig. 7.6. 

If one phase is present, both temperature and composition can be 
arbitrarily varied, as illustrated for point A. In the areas in which two 
phases are present at equilibrium, the composition of each phase is 




Composition 



Fig. 7.6. Simple binary diagram. 
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indicated by lines on the diagram. (In binary ^^'^^^l 
will often be shaded, single-phase region, not.) ^^^^ 
constant-temperature "tie line" with the phase boundaries gives the 

compositions of ^^^^ 7^^ 2T£ 
JZ£ thange in either temperature or composition 
S^^phai. Present requires a corresponding change in the other 
liable The Maximum number of phases that can be present where 
pressure is arbitrarily fixed (V = 1) is 

P + V = C + 2,P + 1 = 2 + 2,P = 3. 
When three phases are present, the composition of each phase and the 
temperature are fixed, as indicated by the solid horizontal hne at C 

Systems in Which a Gas Phase Is Not Important. Systems contam.ng 
on^tabL o^es in which the valence of the cations is fixed compnse . 
large fraction of the systems of interest for ceram.es and can adequately 
be represented at a constant total pressure of 1 atm. At equihbrmm the 
cheXl potential of each constituent must be equal « each phase 
present As a result the variation of chemical potential with composition 
f s the underlying thermodynamic consideration which determines phase 
SSi^ we conmder a simple mechanical mixture of two pure 
components, the free energy of the mixture G is 

G m =XaG a +X b G b ( 7 - 9 > 

For the simplest case, an ideal solution in which the heat of mixing and 
changes in vibrational entropy terms are zero, random mixing gives rise to 
a configuration^ entropy of mixing AS m which has been derived in Eq. 
4.14; the free energy of the solution is 

G .*s =G M_ TASm (7.10) 

and under all conditions the free energy of the solution is less than that of 
a mechanical mixture; the free energy curves for the ^ 
solutions and the resulting phase-equilibnum diagram are simdar tc those 
already illustrated in Fig. 4.2. Since very dilute solu ions approach dea 
behavior, Eq. 7.10 requires that there is always at least some minute 
solubility on the addition of any solute to any pure substance. 

Most concentrated solutions are not ideal but many , b well 
represented as regular solutions in which the ex ces » «»W ^ 
solution is negligible, but the excess enthalpy or heat of mixing AH is 
significant. In this case the free energy of the regular solution is 

G rS =G M +AH"-TAS„ C7.ll) 
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The resulting forms of typical free-energy-composition curves for an 
ideal solution and for regular solutions with positive or negative excess 
enthalpies are shown in Fig. 7.7. In Fig. 7.7c the minimum free energy for 
the system at compositions intermediate between a and p consists of a 
mixture of a and p in which these two solution compositions have the 
same chemical potential for each component and a lower free energy than 
intermediate single-phase compositions; that is, phase separation occurs. 
When differences of crystal structure occur (as discussed in Chapter 2), a 
complete series of solid solutions between two components is not 
possible, and the free energy of the solution increases sharply after an 
initial decrease required by the configurational entropy of mixing. This 
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Fig. 7.7. Free-energy-composition diagrams for (a) ideal solution, (b) and (c) regular 
solutions, and (d) incomplete solid solution. 



Ir 

2 

Pi 
O] 

g) 

V 

a 

s: 
n 
A 
b 
a 

Ti 

U 

C 

0 
fi 
F 
i: 
c 

o 
s 
c 



CERAMIC PHASE-EQUILIBRIUM DIAGRAMS 



281 



situation is illustrated in Fig. l.ld, in which the minimum system free 
energy again consists of a mixture of the two solutions or and 0. 

When, for any temperature and composition, free-energy curves such 
as shown in Fig. 7.7 are known for each phase which may exist, these 
phases actually occur at equilibrium which give the lowest system free 
energy consistent with equal chemical potentials for the components in 
each phase. This has been illustrated for an ideal solution in Fig. 4.2, 
compound formation in Fig. 4.3, and phase separation in Fig. 3. 10. and is 
illustrated for a series of temperatures in a eutectic system in Fig. 7.8. 

Systems in Which a Gas Phase Is Important. In adjusting the oxygen 
pressure in an experimental system, it is often convenient to use the 
equilibria 

(7.12) 



co+io 2 = co 2 

H 2 + |o 2 =H 2 0. 



(7.13) 



gular 



In this case, with no condensed phase present, P + V = C +2, 1 + V = 
2 + 2. V = 3, and it is necessary to fix the temperature, system total 
pressure, and the gas composition, that is, COJCO or H 2 /H 2 0 ratio, in 
order to fix the oxygen partial pressure. If a condensed phase, that is, 
graphite, is in equilibrium with an oxygen-containing vapor phase, P + 
V = C+2,2+V = 2 + 2, V = 2, and fixing any two independent variables 
completely defines the system. 

The most extensive experimental data available for a two-component 
system in which the gas phase is important is the Fe-0 system, in which a 
number of condensed phases may be in equilibrium with the vapor phase. 
A useful diagram is shown in Fig. 7.9, in which the heavy lines are 
boundary curves separating the stability regions of the condensed phases 
and the dash-dot curves are oxygen isobars. In a single condensed-phase 
region (such as wustite) P + V = C + 2, 2+V = 2 + 2, V = 2, and both the 
temperature and oxygen pressure have to be fixed in order to define the 
composition of the condensed phase. In a region of two condensed phases 
(such as wustite plus magnetite) P + V = C + 2, 3+V = 2 + 2, V = 1, and 
fixing either the temperature or oxygen pressure fully defines the system. 
For this reason, the oxygen partial-pressure isobars are horizontal, that is, 
isothermal, in these regions, whereas they run diagonally across single 
condensed-phase regions. 

An alternative method of representing the phases present at particular 
oxygen pressures is shown in Fig. 7.9b. In this representation we do not 
show the O/Fe ratio, that is, the composition of the condensed phases, but 
only the pressure-temperature ranges for each stable phase. 





liquid iron 

+ 1600 
liquid oxide 




FeO 



40 50 60 FeO-Fe 2 0 3 80 90 Y^O* 
Weight % 

Fig 7 9. (a) Phase relations in the FeO-Fe,0, system. Dash-dot lines are oxygen isobars. 
Alternate solidification paths for composition A are discussed in text. From A. Muan and E. 
F. Osborn, Phase Equilibria among Oxides in Steelmaking, Addison-Wesley Publishing 
Company, Inc., Reading, Mass., 1965. 
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Fig. 7.9 (continued), (b) Temperature-oxygen pressure diagram for the Fe-Fe 2 0, system. 
From J. B. Wagner, Bull. Am. Cer. Soc, 53, 224 (1974). 



7.5 Two-Component Phase Diagrams 

Phase-equilibrium diagrams are graphical representations of experi- 
mental observations. The most extensive collection of diagrams useful in 
ceramics is that published by the American Ceramic Society in two large 
volumes, which are an important working tool of every ceramist.* Phase 
diagrams can be classified into several general types. 

Eutectic Diagrams. When a second component is added to a pure 
material, the freezing point is often lowered. A complete binary system 
consists of lowered liquidus curves for both end members, as illustrated 
in Fig. 7.8. The eutectic temperature is the temperature at which the 
liquidus curves intersect and is the lowest temperature at which liquid 
occurs. The eutectic composition is the composition of the liquid at this 
temperature, the liquid coexisting with two solid phases. At the eutectic 
temperature three phases are present, so the variance is one. Since 
pressure is fixed, the temperature cannot change unless one phase 
disappears. 

In the binary system BeO-Al 2 0 3 (Fig. 7.10) the regions of solid solution 
that are necessarily present have not been determined and are presumed 

*E. M. Levin, C. R. Robbins, and H. F. McMurdie, Phase Diagrams for Ceramists, 
American Ceramic Society, Columbus, 1964; Supplement, 1969. 




;ystem. 



<pen- 
;ful in 
large 
Phase 

pure 
ystem 
trated 
h the 
liquid 
it this 
tectic 
Since 
phase 

lution 
umed 

amists r 



CERAMIC PHASE-EQUILIBRIUM DIAGRAMS 



2*5 



2600 1 — 1 1- 



2400 



2200 



2000 



1800 



Liquid 



Uq + BeO 



A1 2 0 3 + Liq.> 




,BeO-3 Al 2 0 3 
+ 

Al 2 0 3 

-BeAl 2 0< 
+ 

BeAl 6 0 l0 



0 
BeO 



80 

1:1 1:3A1 2 0 3 



20 40 

Weight % A1 2 0 3 
Fig. 7.10. The binary system BeO-Al 2 0 3 . 



to be of limited extent, although this is uncertain, and are not shown in the 
diagram. The system can be divided into three simpler two-component 
systems (BeO-BeAWX, BeAl 2 04-BeAUO,o, and BeAkOio-AhOs) in each 
of which the freezing point of the pure material is lowered by addition of 
the second component. The BeO-BeAhO* subsystem contains a com- 
pound, Be,Al 2 0 6 , which melts incongruently, as discussed in the next 
section. In the single-phase regions there is only one phase present, its 
composition is obviously that of the entire system, and it comprises 100% 
of the system (point A in Fig. 7.10). In two-phase regions the phases 
present are indicated in the diagram (point B in Fig. 7.10); the composi- 
tion of each phase is represented by the intersection of a constant 
temperature tie line and the phase-boundary lines. The amounts of each 
phase can also be determined from the fact that the sum of the 
composition times the amount of each phase present must equal the 
composition of the entire system. For example, at point C in Fig. 7.10 the 
entire system is composed of 29% A1 2 0, and consists of two phases, BeO 
(containing no A1 2 0 3 ) and 3BeO AW> (which contains 58% AhO>). There 
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must be 50% of each phase present for a mass balance to give the correct 
overall composition. This can be represented graphically in the diagram 
by the lever principle, in which the distance from one phase boundary to 
the overall system composition, divided by the distance from that 
boundary to the second phase boundary, is the fraction of the second 
phase present. That is, in Fig. 7.10, 

OC 

^(100) = Per cent 3BeO A1 2 0 3 

A little consideration indicates that the ratio of phases is given as 

DC = BeO 
OC 3Be0*AI 2 0 3 

This same method can be used for determining the amounts of phases 
present at any point in the diagram. 

Consider the changes that occur in the phases present on heating a 
composition such as E 9 which is a mixture of BeAI 2 0 4 and BeAl 6 Oi 0 . 
These phases remain the only ones present until a temperature of 1850°C 
is reached; at this eutectic temperature there is a reaction, BeAl 2 0 4 + 
BeAUOio = Liquid (85% A1 2 0 3 ), which continues at constant temperature 
to form the eutectic liquid until all the BeAl 6 Oi 0 is consumed. On further 
heating more of the BeAl 2 0 4 dissolves in the liquid, so that the liquid 
composition changes along GF until at about 1875°C all the BeAl 2 0 4 has 
disappeared and the system is entirely liquid. On cooling this liquid, 
exactly the reverse occurs during equilibrium solidification. 

As an exercise students should calculate the fraction of each phase 
present for different temperatures and different system compositions. 

One of the main features of eutectic systems is the lowering of the 
temperature at which liquid is formed. In the BeO-Al 2 0 3 system, for 
example, the pure end members melt at temperatures of 2500°C and 
2040°C, respectively. In contrast, in the two-component system a liquid is 
formed at temperatures as low as 1835°C. This may be an advantage or 
disadvantage for different applications. For maximum temperature use as 
a refractory we want no liquid to be formed. Addition of even a small 
amount of BeO to A1 2 0 3 results in the formation of a substantial amount 
of a fluid liquid at 1890°C and makes it useless as a refractory above this 
temperature. However, if high-temperature applications are not of major 
importance, it may be desirable to form the liquid as an aid to firing at 
lower temperatures, since liquid increases the ease of densification. This 
is true, for example, in the system TiOr-U0 2 , in which addition of 1% 
Ti0 2 forms a eutectic liquid, which is a great aid in obtaining high 
densities at low temperatures. The structure of this system, shown in Fig. 
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7.11, consists of large grains of UO z surrounded by the eutectic composi- 
te effectiveness of eutectic systems in lowering the melting point is 
made use of in the Na,0-Si0 2 system, in which glass compositions can be 
melted at low temperatures (Fig. 7.12). The liquidus is lowered from 
1710°C in pure Si0 2 to about 790° for the eutectic composition at 
approximately 75% SiOz-25% Na 2 0. 

Formation of low-melting eutectics also leads to some severe limita- 
tions on the use of refractories. In the system CaO-AhO, the liqmdus is 
strongly lowered by a series of eutectics. In general, strongly basic oxides 
such as CaO form low-melting eutectics with amphoteric or basic ox.des, 
and these classes of materials cannot be used adjacent to each other, even 
though they are individually highly refractive. 

Incongruent Melting. Sometimes a solid compound does not melt to 
form a liquid of its own composition but instead dissociates to tormatw/ 
solid phase and a liquid. This is true of enstatite (MgSiO,) at 1557 C (Fig 
7 13) this compound forms solid Mg 2 S:0< plus a liquid containing about 
61% Si0 2 . At this incongruent meltingpoint or peritectic temperature there 




Fig. 7.1 1. Structure of 99% VOr-1% TiO, ceramic (228X, HNO, etch). UO, is the primary 
phase, bonded by eutectic composition. Courtesy G. Ploetz. 
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Fig. 7. 12. The binary system Na.SiO^SiO,. The dashed line shows metastable liquid-liquid 
phase separation. 
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Fig- 7.13. The binary system MgO-Si0 2 . 
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are three phases present (two solids and a liquid), so that the temperature 
remains fixed until the reaction is completed. Potash feldspar (Fig. 7.14) 
also melts in this way. 

Phase Separation. When a liquid or crystalline solution is cooled, it 
separates into two separate phases at the consolute temperature as long as 
the excess enthalpy is positive (see Fig. 7.7). This phenomenon is particu- 
larly important relative to the development of substructure in glasses, as 
discussed in Chapter 3 (Figs. 3.11, 3.12, 3.14 to 3.19). Although it has been 
less fully investigated for crystalline oxide solid solutions, it is probably 
equally important for these systems when they are exposed to moderate 
temperatures for long periods of time. The system CoO-NiO is shown in 
Fig. 7.15. 




0 20 40 60 80 100 

Leucite Potash 
K 2 O • Al 2 0 3 ■ 4SiO 2 feldspar 

K 2 0*Al 2 03'eSi02 ; 

Weight per cent Si02 



Fig. 7. 14. The binary system K t O A1 2 0, 4Si0 2 (1eucite)-Si0 2 . From J. F. Schairer and N. L. 
Bowen, Bull Soc. Geoi FtnL, 20, 74 (\941). Two-phase regions are shown shaded in this 
diagram. 
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Solid Solutions. As discussed in Chapter 4 and in Section 7.4, a 
complete series of solid solutions occurs for some systems such as 
illustrated in Fig. 4.2 and Fig. 7.15, and some minute or significant limited 
solid solution occurs for all systems, as shown in Figs. 4.3, 7.13, and 7.15. 

It has only been in the last decade or so that careful experimentation 
has revealed the wide extent of solid solubility, reaching several percent 
at high temperatures in many systems, as shown in Figs. 4.3, 7.13, and 7.15 
and for the MgO-CaO system in Fig. 7.16 and the MgO-Cr 2 0 3 system in 
Fig. 7.17. For steel-plant refractories directly bonded magnesia-chromite 
brick is formed when these materials are heated together at temperatures 
above 1600°C as a result of the partial solubility of the constituents; 
exsolution occurs on cooling. Almost all open-hearth roofs are formed of 
either direct-bonded, rebonded fine-grain, or fusion-cast magnesia- 
chromite refractories. In the basic oxygen-furnace process for steel 
making MgO-CaO refractories bonded with pitch are widely used, and 
the solid solubility at high temperatures forms a high-temperature bond. 
In magnesia refractories the lower solid solubility of Si0 2 as compared 
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with CaO in MgO requires that excess CaO be added to prevent the 
formation of low-melting intergranular silicates. 

In the MgO-Al 2 0 3 system (Fig. 4.3) there is extensive solubility of MgO 
and of AI2O3 in spinel. As spinel in this composition range is cooled, the 
solubility decreases, and corundum precipitates as a separate solid phase 
(Fig. 7.18). 

This same sort of limited solid solution is observed in the Ca0-ZrO 2 
system (Fig. 7.19); in this system there are three different fields of solid 
solution, the tetragonal form, the cubic form, and the monoclinic form. 
Pure Zr0 2 exhibits a monoclinic tetragonal phase transition at 1000°C, 
which involves a large volume change and makes the use of pure zirconia 
impossible as a ceramic material. Addition of lime to form the cubic solid 
solution, which has no phase transition, is one basis for stabilized 
zirconia, a valuable refractory. 

Complex Diagrams. All the basic parts of binary phase-equilibrium 
diagrams have been illustrated; readers should be able to identify the 
number of phases, composition of phases, and amounts of phases present 
at any composition and temperature from any of these diagrams with ease 
and confidence. If they cannot, they should consult one of the more 
extensive treatments listed in the references. 





Fig. 7.18. Precipitation of A1 2 0, from spinel solid solution on cooling (400x H 2 S0 4 etch). 
Courtesy R. L. Coble. 
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Mole per cent CaO 

Fig. 7.19. The binary system CaO-Zr0 2 . From P. Duwez, F. Odell, and F. H. Brown, Jr.. 
J. Am. Ceram. Soc, 35, 109 (1952). Two-phase regions are shown shaded in this figure. 

Combinations of simple elements in one system sometimes appear 
frightening in their complexity but actually offer no new problems in 
interpretation. In the system Ba 2 Ti04-Ti0 2 (Fig. 7.20), for example, we 
find two eutectics, three incongruently melting compounds, polymorphic 
forms of BaTiO*, and an area of limited solid solution. All of these have 
already been discussed. 

Generally phase diagrams are constructed at a total pressure of 1 atm 
with temperature and composition as independent variables. Since the 
interesting equilibrium conditions for many ceramics involve low oxygen 
partial pressures, phase diagrams at a fixed temperature but with oxygen 



f 




Fig. 7.20. The binary system Ba 2 Ti0^-TiO 2 . From D. E. Rase and R. Roy, /. Am. Ceram. 
Soc. 38, 111 (1955). Two-phase regions are shown shaded in this figure. 



pressure and composition as variables become a useful alternative for 
describing phase equilibria, for example, Fig. 7.9b. Figure 7.21(a-l) 
shows such a diagram for Co-Ni-0 at 1600°K. The lens-shaped two- 
phase region between (Co,Ni)0 and the NiCo alloy is similar to that 
between the liquid oxides and (Co,Ni)0 in a temperature-composition 
plot (Fig. 7.15). Figure 7.21(a-2) shows the oxygen isobar tie lines 
between the metal alloy and the oxide solid solution; for example, the 
dotted line represents the equilibrium at P 02 = 1.5 x 10" 7 atm between 
NiowCooasO and Ni 09 Coo.,. (A tie line connects phases in equilibrium and 
designates the composition of each phase. For example, a constant 
temperature tie line in Fig. 7.17 at 2600°C specifies the composition of the 
solid solution, 10 w/o Cr 2 0 3 , in equilibrium with the liquid, which contains 
40 w/o'Cr 2 03.) A plot of the nickel activity as a function of Po, is shown in 
Fig. 7.21(a-3). In systems which form intermediate compounds, such as 
spinels, the diagrams become more complex. The Fe-Cr-0 ternary 
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system at 1573°K is shown in Fig. 7.21b. At an oxygen pressure of 
Po,= 10- ,0 atm, the stable phases may be FeO, FeO + (Fe,Cr) 3 04, 
(Fe,Cr) 3 0< + (Fe,Cr),03, or (Fe,Cr) 2 0 3 , depending on the concentration of 
chromium. The oxygen isobars shown in Fig. 7.21(b-2) are tie lines 
between the compositions in equilibrium at 1573°K. 

7.6 Three-Component Phase Diagrams 

Three-component systems are fundamentally no different from two- 
component systems, except that there are four independent variables- 
pressure, temperature, and the concentrations of two components (which 
fix the third). If pressure is arbitrarily fixed, the presence of four phases 
gives rise to an invariant system. A complete graphical representation of 
ternary systems is difficult, but if the pressure is held constant, composi- 
tions can be represented on an equilateral triangle and the temperature on 
a vertical ordinate to give a phase diagram such as Fig. 7.22. tor 
two-dimensional representation the temperatures can be projected on an 
equilateral triangle, with the liquidus temperatures represented by 




02 0.4 0.6 0.8 1.0 

«Ni — r* - 

(1) ta> <3> 

Pie 7 21 (a) Co-Ni-0 system. (1) Composition of condensed phases as a function of Po,; 
(2) oxygen isobars for equilibrium between the oxide solid solution and the alloy solut.on; (3) 
nickel activity as a function of Po,. 
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Fig. 7.21 {continued), {b) Fe-Cr-0 system. (1) Composition — diagram and (2) oxygen 
isobars for equilibrium between two phases. From A. Pelton and H. Schmalzried, Met. Trans., 
4, 1395 (1973). 



isotherms. The diagram is divided into areas representing equilibrium 
between the liquid and a solid phase. Boundary curves represent equilib- 
rium between ^ two solids and the liquid, and intersections of three; 
boundary curves represent points of four phases in equilibrium (invariant 
points in the constant-pressure system). Another method of two- 
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dimensional representation is to take a constant-temperature cut through 
the diagram, indicating the phases at equilibrium at some fixed tempera- 
ture. 

Interpretation of ternary diagrams is not fundamentally different from 
that of binary diagrams. The phases in equilibrium at any temperature and 
composition are shown; the composition of each phase is given by the 
phase-boundary surfaces or intersections; the relative amounts of each 
phase are determined by the principle that the sum of the individual phase 
compositions must equal the total composition of the entire system. In 
Fig. 7.22 and Fig. 7.23, for example, the composition A falls in the primary 
field of X. If we cool the liquid A, X begins to crystallize from the melt 
when the temperature reaches TV The composition of the liquid changes 
along AB because of the loss of X. Along this line the lever principle 
applies, so that at any point the percentage of X present is given by 
100(BA/XB). When the temperature reaches T 2 and the crystallization 
path reaches the boundary representing equilibrium between the liquid 
and two solid phases X and Z, Z begins to crystallize also, and the liquid 
changes in composition along the path CD. At L, the phases in equilibrium 
are a liquid of composition L and the solids X and Z, whereas the overall 
composition of the entire system is A. As shown in Fig. 7.23b, the only 
mixture of L, X, and Z that gives a total corresponding to A is xA/xX 
(100) = Per cent X, z A/zZ (100) = Per cent Z, / A//L (100) = Per cent L. 
That is, the smaller triangle XZL is a ternary system in which the 
composition of A can be represented in terms of its three constituents. 



# 





Composition 

Fig. 7.23. (a) Crystallization path illustrated in Fig. 7.22a and (b) application of center of 
gravity principle to a ternary system. 
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Fig. 7.24. The ternary system K 2 0-Al 2 0 3 -SiO l . From J. F. Schairer and N. L. Bowen, Am. J. 
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Many ternary systems are of interest in ceramic science and technol- 
ogy. Two of these, the K 2 0-Al 2 0r-Si0 2 system and the Na 2 0-CaO-Si0 2 
system, are illustrated in Figs. 7.24 and 7.25. Another important system, 
the MgO-Al 2 03-Si0 2 system, is discussed in Section 7.8. The 
K 2 0-AI 2 0r-Si0 2 system is important as the basis for many porcelain 
compositions. The eutectic in the subsystem potash-feldspar- 
silica-mullite determines the firing behavior in many compositions. As 
discussed in Chapter 10, porcelain compositions are adjusted mainly on 
the basis of (a) ease in forming and (b) firing behavior. Although real 
systems are usually somewhat more complex, this ternary diagram 
provides a good description of the compositions used. The Na 2 0-CaO- 
Si0 2 system forms the basis for much glass technology. Most composi- 
tions fall along the border between the primary phase of devitrite, 
Na 2 03Ca06Si0 2 , and silica; the liquidus temperature is 900 to 1050°C. 



To CaO 



Na 2 0-2Ca0-3Si0 2 



3iO- 




Na 2 0-3Ca0*6Si0 2 
(devitrite) 



2Na 2 0-CaO*3Si0 2 
2Na 2 0-Ca0*3Si0 2 



50 
Na 2 Si0 3 



40 30 Quartz 20 

Na 2 Si 2 0 5 



SiOo 



Am. J. 



! Weight per cent Na 2 0 

Fig. 7.25. The Na 2 0-0-CaO-Si0 2 system. From G. W. Morey and N. L. Bowen, /. Soc. 
Glass TechnoL, 9, 232 (1925). 
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This is a compositional area of low melting temperature, but the glasses 
formed contain sufficient calcium oxide for reasonable resistance to 
chemical attack. When glasses are heated for extended times above the 
transition range, devitrite or cristobalite is the crystalline phase formed as 
the devitrification product. 

Very often constant-temperature diagrams are useful. These are illus- 
trated for subsolidus temperatures in Figs. 7.24 and 7.25 by lines between 
the forms that exist at equilibrium. These lines form composition triangles 
in which three phases are present at equilibrium, sometimes called 
compatibility triangles. Constant-temperature diagrams at higher temper- 
atures are useful, as illustrated in Fig. 7.26, in which the 1200° isothermal 
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Fig. 7.26. Isothermal cut in the K 2 0-Al 2 0,-Si0 2 diagram at 1200°C. 
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plane is shown for the K 2 0-Al 2 03-Si0 2 diagram. The liquids formed in 
this system are viscous; in order to obtain vitrification, a substantial 
amount of liquid must be present at the firing temperature. From 
isothermal diagrams the composition of liquid and amount of liquid for 
different compositions can be easily determined at the temperature 
selected. Frequently it is sufficient to determine an isothermal plane 
rather than an entire diagram, and obviously it is much easier. 

Although our discussion of three-component diagrams has been brief 
and we do not discuss phase-equilibrium behavior for four or more 
component systems at all, students would be well advised to become 
familiar with these as an extra project. 



7.7 Phase Composition versus Temperature 

One of the useful applications for phase equilibrium diagrams in 
ceramic systems is the determination of the phases present at different 
temperatures. This information is most readily used in the form of plots of 
the amount of phases present versus temperature. 

Consider, for example, the system MgO-Si0 2 (Fig. 7.13). For a compos- 
ition of 50 wt% MgO-50 wt% Si0 2 , the solid phases present at equilibrium 
are forsterite and enstatite. As they are heated, no new phases are formed 
until 1557°C. At this temperature the enstatite disappears and a composi- 
tion of about 40% liquid containing 61% Si0 2 is formed. On further 
heating the amount of liquid present increases until the liquidus is reached 
at some temperature near 1800°C. In contrast, for a 60% MgO-40% Si0 2 
composition the solid phases present are forsterite, Mg 2 Si0 4 , and peric- 
lase, MgO. No new phase is found on heating until 1850°C, when the 
composition becomes nearly all liquid, since this temperature is near the 
eutectic composition. The changes in phase occurring for these two 
compositions are illustrated in Fig. 7.27. 

Several things are apparent from this graphical representation. One is 
the large difference in liquid content versus temperature for a relatively 
small change in composition. For compositions containing greater than 
42% silica, the forsterite composition, liquids are formed at relatively low 
temperatures. For compositions with silica contents less than 42% no 
liquid is formed until 1850°C. This fact is used in the treatment of 
chromite refractories. The most common impurity present is serpentine, 
3MgO-2Si0 2 -2H 2 0, having a composition of about 50 wt% Si0 2 . If 
sufficient MgO is added to put this in the MgO-forsterite field, it no longer 
has a deleterious effect. Without this addition a liquid is formed at low 
temperatures. 

Another application of this diagram is in the selection of compositions 
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Fig. 7.27. Phase composition versus temperature for samples in the MgO-SiO* system. 



that have desirable firing characteristics. It is necessary to form a 
sufficient amount of liquid for vitrification, but not so much that ware 
slumps or warps during firing. The limits of liquid required vary with the 
properties of the liquid but are in the range of 20 to 50 wt%. To have a 
sufficient range of firing temperature, it is desirable that the liquid content 
not change much with temperature. Forsterite compositions cannot be 
fired until very high temperatures if the composition is exactly 42% Si0 2 , 
since no liquid is formed below 1850°C. Compositions in the forsterite- 
enstatite field which are mainly forsterite form a liquid at 1557°C, and 
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since the liquidus curve is steep, the amount of liquid present changes but 
SSTwhh temperature, as shown in Fig. 7.27. Consequently, these 
positions have a good firing range and are easy -to vm*. fa , ontrast 
compositions that are mostly enstatue (55, 60, 65% SiOO form large 
amoun of liquid at low temperature, and the amount of l.qu.d present 
changes Rapidly with temperature. These materials have a limited finng 
^ge ana Jose difficult control problems for economic product™. 

For systems in which the gas phase is important the way in which 
condensed phases appear and their compositional changes on coo hng 
depend on the conditions imposed. Referring back to the Fe-0 system 
illustrated in Fig. 7.9, if the total condensed-phase <^^^H 
constant, as occurs in a closed nonreactive container with only a 
negSle amount of gas phase present, the composition A solidifies along 
The dot ed line with a corresponding decrease in the system oxygen 
pressure In contrast, if the system is cooled at constant oxygen pressure 
fh sohdification path is along the dashed line. In one .case the resultjng 
product at room temperature is a mixture of iron and magnetite ur the 
s cond case the resulting product is hematite. Obvious y u, su^ ^ 
the control of oxygen pressure during cooling is essential for the control 

° f £ of crystallization paths in ternary systems the 

references should be consulted. The following summary* can serve as a 
review. 

,. When a liquid is cooled, the first phase to appear is the . primary 
phase for that part of the system in which the compos.t.on of the melt is 

TThetystalHzation curve follows to the nearest boundary the 
extension of the straight line connecting the compos.t.on of the ongina 
TquTd with that of the primary phase of that field. 
liquid within the primary fields is represented by points on the c ( ystall.za 
tion curve. This curve is the intersection of a plane (perpend.cular o the 
base triangle and passing through the compositions of original melt and 
the Drimarv phase) with the liquidus surface. 

3 TZ boundary line , new phase appears which « ; the primary 
phase of the adjacent field. The two phases separate together along th,s 
boundary as the temperature is lowered. 

4 S ^ ratio of the two solids crystallizing is given by the intersection 
of the tangent to the boundary curve with a line connecting the composi- 

♦Af.er E. M. Levin, H. F. McMurdie, and F. P. Hall, Phase Diagram for Ceramists, 
American Ceramic Society, Cleveland, Ohio, 1956. 
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tions of the two solid phases. Two things can occur. If this tangent line 
runs between the compositions of the two solid phases, the amount of 
each of these phases present increases. If the tangent line intersects an 
extension of the line between solid compositions, the first phase de- 
creases in amount (is resorbed; Reaction A + Liquid = B) as crystalliza- 
tion proceeds. In some systems the crystallization curve leaves the 
boundary curve if the first phase is completely resorbed, leaving only the 
second phase. Systems in which this occurs may be inferred from a study 
of the mean composition of the solid separating between successive 
points on the crystallization path. 

5. The crystallization curve always ends at the invariant point which 
represents equilibrium of liquid with the three solid phases of the three 
components within whose composition triangle the original liquid com- 
position was found. 

6. The mean composition of the solid which is crystallizing at any point 
on a boundary line is shown by the intersection at that point of the tangent 
with a line joining the composition of the two solid phases which are 
crystallizing. 

7. The mean composition of the total solid that has crystallized up to 
any point on the crystallization curve is found by extending the line 
connecting the given point with the original liquid composition to the line 
connecting the compositions of the phases that have been separating. 

8. The mean composition of the solid that has separated between two 
points on a boundary is found at the intersection of a line passing through 
these two points with a line connecting the compositions of the two solid 
phases separating along this boundary. 



7.8 The System AI2O3-S1O2 

As an example of the usefulness of phase diagrams for considering 
high-temperature phenomena in ceramic systems, the Al 2 O 3 -Si0 2 system 
illustrates many of the features and problems encountered. In this system 
(Fig. 7.28), there is one compound present, mullite, which is shown as 
melting incongruently. (The melting behavior of mullite has been con- 
troversial; we show the metastable extensions of the phase boundaries in 
Fig. 7.28. For our purposes this is most important as indicative of the fact 
that experimental techniques are difficult and time consuming; the diag- 
rams included here and in standard references are summaries of experi- 
mental data. They usually include many interpolations and extrapolations 
and have been compiled with greater or lesser care, depending on the 
needs of the original investigator.) The eutectic between mullite and 
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Fig. 7.28. The binary system AhO^iO, From Aksay and Pask, Science, 183, 69 (1974). 



cristobalite occurs at 1587'C to form a liquid containing about 95 mole% 

to *wt% AUO,), pure fused muUite (72 wt% A1,0,), and pure fused or 
sintered alumina (>90 wt% AhO,). f 

At one end of the composition range are silica '"^J 
furnace roofs and similar structures requiring ; high ^strength at fogh 
temoeratures. A major application was as roof brick for open neartn 
uXes in which temperatures of 1625 to 1650X are common y used M 
A J ^ actuallv in the liquid state. In tne 

this temperature a part of the brick is aciuany m m 
deve opment of siL brick it has been found that small amounts o 
aluminum oxide are particularly deleterious to brick properties because 
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the eutectic composition is close to the silica end of the diagram. 
Consequently, even small additions of aluminum oxide mean that sub- 
stantial amounts of liquid phase are present at temperatures above 
1600°C. For this reason supersilica brick, which has a lower alumina 
content through special raw-material selection or treatment, is used in 
structures that will be heated to high temperatures. 

Fire-clay bricks have a composition ranging from 35 to 55% aluminum 
oxide. For compositions without impurities the equilibrium phases pres- 
ent at temperatures below 1587°C are mullite and silica (Fig. 7.29). The 
relative amounts of these phases present change with composition, and 
there are corresponding changes in the properties of the brick. At 
temperatures above 1600°C the amount of liquid phase present is sensitive 
to the alumina-silica ratio, and for these high-temperature applications the 
higher-alumina brick is preferred. 




Fig. 7.29. Mullite crystals in silica matrix formed by heating kaolinite (37.0OOX). Courtesy 
J. J. Comer. 
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Refractory properties of brick can be substantially improved if suffi- 
cient alumina is added to increase the fraction of mullite present until at 
greater than 72 wt% alumina the brick is entirely mullite or a mixture of 
mullite plus alumina. Under these conditions no liquid is present until 
temperatures above 1828°C are reached. For some applications fused 
mullite brick is used; it has superior ability to resist corrosion and 
deformation at high temperatures. The highest refractoriness is obtained 
with pure alumina. Sintered A1 2 0 3 is used for laboratory ware, and 
fusion-cast A1 2 0 3 is used as a glass tank refractory. 

7.9 The System MgO-AWVSiOi 

A ternary system important in understanding the behavior of a number 
of ceramic compositions is the MgO-Al 2 03-Si0 2 system, illustrated in 
Fig. 7.30. This system is composed of several binary compounds which 
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Fig. 7.30. The ternary system MgO-Al.C-SiO,. From M. L. Keith and J. F. Schairer, I 
Geo/., 60, 182 (1952). Regions of solid solution are not shown; see Figs. 4.3 and 7.13. 
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have already been described, together with two ternary compounds, 
cordierite, 2Mg02Al 2 03*5Si0 2 , and sapphirine, 4MgO-5Al 2 0 3 2Sit) 2 , both 
of which melt incongruently. The lowest liquidus temperature is at the 
tridymite-protoenstatite-cordierite eutectic at 1345°C, but the cordierite- 
enstatite-forsterite eutectic at 1360°C is almost as low-melting. 

Ceramic compositions that in large part appear on this diagram include 
magnesite refractories, forsterite ceramics, steatite ceramics, special 
low-loss steatites, and cordierite ceramics. The general composition areas 
of these products on the ternary diagram are illustrated in Fig. 7.31. In all 
but magnesite refractories, the use of clay and talc as raw materials is the 
basis for the compositional developments. These materials are valuable in 
large part because of their ease in forming; they are fine-grained and 
platey and are consequently plastic, nonabrasive, and easy to form. In 
addition, the fine-grained nature of these materials is essential for the 
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Fig. 7.31. Common compositions in the ternary system MgO-AI 2 0r-Si0 2 . See text for 
other additives. 
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inds, firing process, which is described in more detail in Chapter 12. On heating, 

both c lay decomposes at 980°C to form fine-grained mullite in a silica matrix, 

t the Talc decomposes and gives rise to a similar mixture of fine-grained 

Jrite- protoenstatite crystals, MgSi0 3 , in a silica matrix at about 1000°C. Further 
heating of clay gives rise to increased growth of mullite crystals, 

^lude crystallization of the silica matrix as cristobalite, and formation of a 

•ecial f eutectic liquid at 1595°C. Further heating of pure talc leads to crystal 

areas growth of the enstatite, and liquid is formed at a temperature of 1547°C. 

In all j^x this temperature almost all the composition melts, since talc (66.6% 

is the Si0 2 , 33.4% MgO) is not far from the eutectic composition in the 

Me in MgO-Si0 2 system (Fig. 7.13). 

1 and Xhe main feature which characterizes the melting behavior of cordier- 



ite, steatite porcelain, and low-loss steatite compositions is the limited 
firing range which results when pure materials are carried to partial 
fusion. In general, for firing to form a vitreous densified ceramic about 20 
to 35% of a viscous silicate liquid is required. For pure talc, however, as 
indicated in Fig. 7.32, no liquid is formed until 1547°C, when the entire 
composition liquifies. This can be substantially improved by using talc- 
clay mixtures. For example, consider the composition A in Fig. 7.31 
which is 90% talc- 10% clay, similar to many commercial steatite composi- 
tions. At this composition about 30% liquid is formed abruptly at the 
liquidus temperature, 1345°C; the amount of liquid increases quite rapidly 
with temperature (Fig. 7.32), making close control of firing temperature 
necessary, since the firing range is short for obtaining a dense vitreous 
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Fig. 7.32. Amount of liquid present at different temperatures for compositions illustrated 
in Fig. 7.31. 
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body (this composition would be fired at 1350 to 1370°C). In actual fact, 
however, the raw materials used contain Na 2 0, K 2 0, CaO, BaO, Fe 2 0 3 , 
and Ti0 2 as minor impurities which both lower and widen the fusion 
range. Additions of more than 10% clay again so shorten the firing range 
that they are not feasible, and only limited compositions are practicable. 
The addition of feldspar greatly increases the firing range and the ease of 
firing and has been used in the past for compositions intended as 
low-temperature insulators. However, the electrical properties are not 
good. 

For low-loss steatites, additional magnesia is added to combine with the 
free silica to bring the composition nearer the composition triangle for 
f orsterite-cordierite-enstatite. This changes the melting behavior so that 
a composition such as B in Fig. 7.31 forms about 50% liquid over a 
temperature range of a few degrees, and control in firing is very difficult 
(Fig. 7.32). In order to fire these compositions in practice to form vitreous 
bodies, added flux is essential. Barium oxide, added as the carbonate, is 
the most widely used. 

Cordierite ceramics are particularly useful, since they have a very low 
coefficient of thermal expansion and consequently good resistance to 
thermal shock. As far as firing behavior is concerned, compositions show 
a short firing range corresponding to a flat liquidus surface which leads to 
the development of large amounts of liquid over a short temperature 
interval. If a mixture consisting of talc and clay, with alumina added to 
bring it closer to the cordierite composition, is heated, an initial liquidus is 
formed at 1345°C, as for composition C in Fig. 7.31. The amount of liquid 
rapidly increases; because of this it is difficult to form vitreous bodies. 
Frequently when these compositions are not intended for electrical 
applications, feldspar (3 to 10%) is added as a fluxing medium to increase 
the firing range. 

Magnesia and forsterite compositions are different in that a eutectic 
liquid is formed of a composition widely different from the major phase 
with a steep liquidus curve so that a broad firing range is easy to obtain. 
This is illustrated for the forsterite composition D in Fig. 7.31 and the 
corresponding curve in Fig. 7.32. The initial liquid is formed at the 1360°C 
eutectic, and the amount of liquid depends mainly on composition and 
does not change markedly with temperature. Consequently, in contrast to 
the steatite and cordierite bodies, forsterite ceramics present few prob- 
lems in firing. 

In all these compositions there is normally present at the firing 
temperature an equilibrium mixture of crystalline and liquid phases. This 
is illustrated for a forsterite composition in Fig. 7.33. Forsterite crystals 
are present in a matrix of liquid silicate corresponding to the liquidus 
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Fig. 7.33. Crystal-liquid structure of a forsteritc composition (150x). 

composition at the firing temperature. For other systems the crystalline 
phase at the firing temperature is protoenstatite, periclase, or cordierite, 
and the crystal size and morphology are usually different as well. The 
liquid phase frequently does not crystallize on cooling but forms a glass 
(or a partly glass mixture) so that the compatibility triangle cannot be used 
for fixing the phases present at room temperature, but they must be 
deduced instead from the firing conditions and subsequent heat treatment. 

7.10 Nonequilibrium Phases 

The kinetics of phase transitions and solid-state reactions is considered 
in the next two chapters; however, from our discussion of glass structure 
in Chapter 3 and atom mobility in Chapter 6 it is already apparent that the 
lowest energy state of phase equilibria is not achieved in many practical 
systems. For any change to take place in a system it is necessary that the 
free energy be lowered. As a result the sort of free-energy curves 
illustrated in Figs. 3.10, 4.2, 4.3, 7.7, and 7.8 for each; of the possible 
phases that might be present remain an important guide to metastable 
equilibrium. In Fig. 7.8, for example, if at temperature T 2 the solid 
solution a were absent for any reason, the common tangent between the 
liquid and solid solution p would determine the composition of those 
phases in which the constituents have the same chemical potential. One of 
the common types of nonequilibrium behavior in silicate systems is the 
slowness of crystallization such that the liquid is supercooled. When this 
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happens, metastable phase separation of the liquid is quite common, 
discussed in Chapter 3. 

Glasses. One of the most common departures from equilibrium be- 
havior in ceramic systems is the ease with which many silicates are cooled 
from the liquid state to form noncrystalline products. This requires that 
the driving force for the liquid-crystal transformation be low and that the 
activation energy for the process be high. Both of these conditions are 
fulfilled for many silicate systems. 

The rate of nucleation for a crystalline phase forming from the liquid is 
proportional to the product of the energy difference between the crystal 
and liquid and the mobility of the constituents that form a crystal, as 
discussed in Chapter 8. In silicate systems, both of these factors change 
so as to favor the formation of glasses as the silica content increases. 
Although data for the diffusion coefficient are not generally available, the 
limiting mobility is that of the large network-forming anions and is 
inversely proportional to the viscosity. Thus, the product of Aff//T mp and 
1/tj can be used as one index for the tendency to form glasses on cooling, 
as shown in Table 7.1. 



Table 7.1. Factors Affecting Glass-Forming Ability 



Compo- 




AHf/T mp 


(lA?)mp 


(Atf//r mp ) x 




sition 


7\np(°C) 


(cal/mole/°K) 


(poise -1 ) 


(l/>?)nip 


Comments 


B 2 0 3 


450 


7.3 


* 2 X 10- 5 


1.5 X IO" 4 


Good glass 
former 


Si0 2 


1713 


1.1 


1 X io~ 6 


1 . 1 X IO" 6 


Good glass 
former 


Na^Os 


874 


7.4 


5 X 10- 4 


3.7 X 10~ 3 


Good glass 
former 


NazSiOa 


1088 


9.2 


5 X IO' 3 


4.5 X IO" 2 


Poor glass 
former 


CaSi0 3 


1544 


7.4 


io- 1 


0.74 


Very diffi- 
cult to 
form as 
glass 


NaCl 


; 800.5 


6.9 


50 


345 


Not a glass 
former 



Metastable Crystalline Phases. Frequently in ceramic systems crystal- 
line phases are present that are not the equilibrium phases for the 
conditions of temperature, pressure, and composition of the system. 

These remain present in a metastable state because the high activation Fig 
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energies required for their conversion into more stable phases cause a low 
rate of transition. The energy relationships among three phases of the 
same composition might be represented as given in Fig. 7.34. Once any 
one of these phases is formed, its rate of transformation into another 
more stable phase is slow. In particular, the rate of transition to the lowest 
energy state is specially slow for this system. 

The kinetics of transformation in systems such as those illustrated in 
Fig. 7.34 are discussed in Chapter 9 in terms of the driving force and 
energy barrier. Structural aspects of transformations of this kind have 
been discussed in Chapter 2. In general, there are two common ways in 
which metastable crystals are formed. First, if a stable crystal is brought 
into a new temperature or pressure range in which it does not transform 
into the more stable form, metastable crystals are formed. Second, a 
precipitate or transformation may form a new metastable phase. For 
example, if phase 1 in Fig. 7.34 is cooled into the region of stability of 
phase 3, it may transform into the intermediate phase 2, which remains 
present as a metastable crystal. 

The most commonly observed metastable crystalline phases not under- 
going transformation are the various forms of silica (Fig. 7.5). When a 
porcelain body containing quartz as an ingredient is fired at a temperature 
of 1200 to 1400°C, tridymite is the stable form but it never is observed; the 
quartz always remains as such. In refractory silica brick, quartz used as a 
raw material must have about 2% calcium oxide added to it in order to be 
transformed into the tridymite and cristobalite forms which are desirable. 
The lime provides a solution-precipitation mechanism which essentially 
eliminates the activation energy barrier, shown in Fig. 7.34, and allows 
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Fig. 7.34. Illustration of energy barriers between three different states of a system. 
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the stable phase to be formed. This is, in general, the effect of mineraliz- 
ers such as fluorides, water, and alkalies in silicate systems. They provide 
a fluid phase through which reactions can proceed without the activation 
energy barrier present for the solid-state process. 

Frequently, when high-temperature crystalline forms develop during 
firing of a ceramic body, they do not revert to the more stable forms on 
cooling. This is particularly true for tridymite and cristobalite, which 
never revert to the more stable quartz form. Similarly, in steatite bodies 
the main crystalline phase at the firing temperature is the protoenstatite 
form of MgSi0 3 . In fine-grained samples this phase remains as a metasta- 
ble phase dispersed in a glassy matrix after cooling. In large-grain samples 
or on grinding at low temperature, protoenstatite reverts to the equilib- 
rium form, clinoenstatite. 

A common type of nonequilibrium behavior is the formation of a 
metastable phase which has a lower energy than the mother phase but is 
not the lowest-energy equilibrium phase. This corresponds to the situa- 
tion illustrated in Fig. 7.34 in which the transition from the highest-energy 
phase to an intermediate energy state occurs with a much lower activation 
energy than the transition to the most stable state. It is exemplified by the 
devitrification of silica glass, which occurs in the temperature range of 
1200 to 1400°C, to form cristobalite as the crystalline product instead of 
the more stable form, tridymite. The reasons for this are usually found in 
the structural relationships between the starting material and the final 
product. In general, high-temperature forms have a more open structure 
than low-temperature crystalline forms and consequently are more nearly 
like the structure of a glassy starting material. These factors tend to favor 
crystallization of the high-temperature form from a supercooled liquid or 
glass, even in the temperature range of stability of a lower-temperature 
modification. 

This phenomenon has been observed in a number of systems. For 
example, J. B. Ferguson and H. E. Merwin* observed that when calcium- 
silicate glasses are cooled to temperatures below 1125°C, at which 
wollastonite (CaSiO,) is the stable crystalline form, the high-temperature 
modification, pseudowollastonite, is found to crystallize first and then 
slowly transform into the more stable wollastonite. Similarly, on cooling 
compositions corresponding to Na 2 OAl 2 0 3 -2Si0 2 , the high-temperature 
crystalline form (carnegieite) is observed to form as the reaction product 
even in the range in which nephelite is the stable phase; transformation of 
carnegieite into nephelite occurs slowly. 

In order for any new phase to form, it must be lower in free energy than 
the starting material but need not be the lowest of all possible new phases. 

Mm. J. Science, Series 4, 48, 165 (1919). 



This requi 
the phase 
diagram rr 
other phaj 
precipitate 
Fig. 7.35. 
difficulty 
frequently 
potassium 
eutectic te 
which bot 
the liquid 
this systei 
cristobalit 
rium quari 
by the doi 
Extensit 



Fig. 7.35. 
system. 



CERAMIC PHASE-EQUILIBRIUM DIAGRAMS 



315 



* mineraliz- 
iey provide 
■ activation 

lop during 
e forms on 
lite, which 
tite bodies 
toenstatite 
a metasta- 
in samples 
he equilib- 

ation of a 
hase but is 

the situa- 
est-energy 

activation 
fied by the 
t range of 
instead of 
y found in 
1 the final 

structure 
ore nearly 
d to favor 
i liquid or 
nperature 

terns. For 
i calcium- 
at which 
nperature 
and then 
•n cooling 
nperature 
i product, 
mation of 

ergy than 
# phases. 



This requirement means that when a phase does not form as indicated on 
the phase equilibrium diagram, the liquidus curves of other phases on the 
diagram must be extended to determine the conditions under which some 
other phase becomes more stable than the starting solution and a possible 
precipitate. This is illustrated for the potassium disilicate-silica system in 
Fig. 7.35. Here, the compound K 2 O4Si0 2 crystallizes only with great 
difficulty so that the eutectic corresponding to this precipitation is 
frequently not observed. Instead, the liquidus curves for silica and for 
potassium disilicate intersect at a temperature about 200° below the true 
eutectic temperature. This nonequilibrium eutectic is the temperature at 
which both potassium disilicate and silica have a lower free energy than 
the liquid composition corresponding to the false eutectic. Actually, for 
this system the situation is complicated somewhat more by the fact that 
cristobalite commonly crystallizes from the melt in place of the equilib- 
rium quartz phase. This gives additional possible behaviors, as indicated 
by the dotted line in Fig. 7.35. 
Extension of equilibrium curves on phase diagrams, such as has been 
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Fig. 7.35. Equilibrium and nonequilibrium liquidus curves in the potassium disilicate-silica 
system. 
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shown in Fig. 7.35 and also in Fig. 7.5, provides a genera! method of using 
equilibrium data to determine possible nonequilibrium behavior. It pro- 
vides a highly useful guide to experimental observations. The actual 
behavior in any system may follow any one of several possible courses, 
so that an analysis of the kinetics of these processes (or more commonly 
experimental observations) is also required. 

Incomplete Reactions. Probably the most common source of non- 
equilibrium phases in ceramic systems are reactions that are not com- 
pleted in the time available during firing or heat treatment. Reaction rates 
in condensed phases are discussed in Chapter 9. The main kinds of 
incomplete reactions observed are incomplete solution, incomplete solid- 
state reactions, and incomplete resorption or solid-liquid reactions. All of 
these arise from the presence of reaction products which act as barrier 
layers and prevent further reaction. Perhaps the most striking example of 
incomplete reactions is the entire metallurgical industry, since almost all 
metals are thermodynamically unstable in the atmosphere but oxidize and 
corrode only slowly. 

A particular example of incomplete solution is the existence of quartz 
grains which are undissolved in a porcelain body, even after firing at 
temperatures of 1200 to 1400°C. For the highly siliceous liquid in contact 
with the quartz grain, the diffusion coefficient is low, and there is no fluid 
flow to remove the boundary layer mechanically. The situation is similar 
to diffusion into an infinite medium, illustrated in Fig. 6.5. To a first 
approximation, the diffusion coefficient for Si0 2 at the highly siliceous 
be Jndary may be of the order of 10" 8 to 10 _s> cm 2 /sec at HOOT. With these 
da a it is left as an exercise to estimate the thickness of the diffusion layer 
after 1 hr of firing at this temperature. 

The way in which incomplete solid reactions can lead to residual 
starting material being present as nonequilibrium phases will be clear 
from the discussion in Chapter 9. However, new products that are not the 
final equilibrium composition can also be formed. For example, in heating 
equimolar mixtures of CaC0 3 and Si0 2 to form CaSi0 3 , the first product 
formed and the one that remains the major phase through most of the 
reaction is the orthosilicate, Ca 2 Si0 4 . Similarly, when BaC0 3 and Ti0 2 are 
reacted to form BaTi0 3 , substantial amounts of Ba 2 Ti0 4 , BaTi 3 0 7 , and 
BaTLA* are formed during the reaction process, as might be expected 
from the phase-equilibrium diagram (Fig. 7.20). When a series of inter- 
mediate compounds is formed in a solid reaction, the rate at which each 
grows depends on the effective diffusion coefficient through it. Those 
layers for which the diffusion rate is high form most rapidly. For the 
CaO-Si0 2 system this is the orthosilicate. For the BaO-Ti0 2 system the 
most rapidly forming compound is again the orthotitanate, Ba 2 Ti0 4 . 
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A AB 
Fig. 7.36. Nonequilibrium crystallization path with (1) Liquid - 
Liquid-* AB, (4) Liquid-* AB + B, (5) Liquid -* AB + B + C. 



B 

-A, (2) A + liquid -» AB, (3) 



A final example of nonequilibrium conditions important in interpreting 
phase-equilibrium diagrams is the incomplete resorption that may occur 
whenever a reaction, A + Liquid = AB, takes place during crystallization. 
This is the case, for example, when a primary phase reacts with a liquid to 
form a new compound during cooling. A layer tends to build up on the 
surface of the original particle, forming a barrier to further reaction. As 
the temperature is lowered, the final products are not those anticipated 
from the equilibrium diagram. A nonequilibrium crystallization path for 
incomplete resorption is schematically illustrated in Fig. 7.36. 
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Problems ! 

7.1. A power failure allowed a furnace used by a graduate student working in the K 2 0- j 
CaO-Si0 2 system to cool down over night. For the fun of it, the student analyzed the ' 
composition he was studying by X-ray diffraction. To his horror, he found /3-CaSiO J( I 
2K 2 OCaO3Si0 2 , 2K 3 0-CaO6Si0 2 , K 2 0-3Ca06Si0 2 , and K 2 O-2Ca0-6Si0 a in his j 

sample. Al 

(a) How could he get more than three phases? 1 7 - 6 - Tr 

(6) Can you tell him in which composition triangle his original composition was? : tei 

(c) Can you predict the minimum temperature above which his furnace was 

operating before power failure? j ^ 

(d) He thought at first he also had some questionable X-ray diffraction evidence for fo 
K 2 OCaOSi0 2 , but after thinking it over he decided K 2 0-CaO Si0 2 should not ph 
crystallize out of his sample. Why did he reach this conclusion? 7.7. F< 

7.2. According to Alper, McNally, Ribbe, and Doman,* the maximum solubility of Al 2 0, in in 
MgO is 18 wt% at 1995°C and of MgO in MgA! 2 0< is 39% MgO. 51% A1 2 0,. Assuming fo 
the NiO-Al 2 0 3 binary is similar to the MgO-Al 2 0 3 binary, construct a ternary. Make l ! c 
isothermal plots of this ternary at 2200°C, 1900°C, and 1700°C. ril 

7.3. You have been assigned to study the electrical properties of calcium metasilicate SU 
by the director of the laboratory in which you work. If you were to make the 7 " 8 ' If 
material synthetically, give a batch composition of materials commonly obtainable in t0 
high purity. From a production standpoint, 10% liquid would increase the rate of th: 
sintering and reaction. Adjust your composition accordingly. What would be the 7 ^* 
expected firing temperature? Should the boss ask you to explore the possibility of A1 
lowering the firing temperature and maintain a white body, suggest the direction to tei 
procede. What polymorphic transformations would you be conscious of in working 

with the above systems? fo 



*J. Am. Ceram. Soc. 45(6), 263-268 (1962). 
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7.4. Discuss the importance of liquid-phase formation in the production and utilization of 
refractory bodies. Considering the phase diagram for the MgO-Si0 2 system, comment 
on the relative desirability in use of compositions containing 50MgO-50SiO 2 by weight 
and 60MgO-40SiO 2 by weight. What other characteristics of refractory bodies are 
important in their use? 

7.5. A binary silicate of specified composition is melted from powders of the separate 
oxides and cooled in different ways, and the following observations are made: 



7.6. 



7.7. 



7.8. 



7.9. 





Condition 


Observations 


(a) 


Cooled rapidly 


Single phase, no evidence of 






crystallization 


(b) 


Melted for 1 hr, held 


Crystallized from surface with 




80°C below liquidus 


primary phases Si0 2 plus glass 




for 2 hr 


(c) 


Melted for 3 hr, held 


Crystallized from surface with 




80°C. below liquidus for 


primary phases compound AO*Si0 2 




2hr 


plus glass 


W) 


Melted for 2 hr, cooled 


No evidence of crystallization 




rapidly to 200°C below 


but resulting glass is cloudy 




liquidus, held for 1 hr, 






and then cooled rapidly 





Are all these observations self consistent? How do you explain them? 
Triaxial porcelains (flint-feldspar-clay) in which the equilibrium phases at the firing 
temperature are mullite and a silicate liquid have a long firing range; steatite porcelains 
(mixtures of talc plus kaolin) in which the equilibrium phases at the firing temperature 
are enstiatite and a silicate liquid have a short firing range. Give plausible explanations 
for this difference in terms of phases present, properties of phases, and changes in 
phase composition and properties with temperature. 

For the composition 40MgO-55SiO 2 -5Al 2 O 3 , trace the equilibrium crystallization path 
in Fig. 7.30. Also, determine the crystallization path if incomplete resorption of 
forsterite occurs along the forsterite-protoenstatite boundary. How do the composi- 
tions and temperatures of the eutectics compare for the equilibrium and nonequilib- 
rium crystallization paths? What are the compositions and amounts of each con- 
stituent in the final product for the two cases? 

If a homogeneous glass having the composition 13Na 2 0-13CaO-74Si0 2 were heated 
to 1050°C, 1000°C, 900°C, and 8<XrC, what would be the possible crystalline products 
that might form? Explain. 

The clay mineral kaolinite, AI 2 Si 2 0,(OH)„ when heated above 600°C decomposes to 
Al 2 Si 2 0 7 and water vapor. If this composition is heated to 1600°C and left at that 
temperature until equilibrium is established, what phase(s) will be present. If more 
than one is present, what will be their weight percentages. Make the same calculations 
for 1585°C. 



Reactions with 
and between 
Solids 

In heterogeneous reactions there is a reaction interface between the 
reacting phases, such as nucleus and matrix or crystal and melt. In order 
for the reaction to proceed, three steps must take place in series- 
material transport to the interface, reaction at the phase boundary, and 
sometimes transport of reaction products away from the interface. In 
addition, reactions at the phase boundary liberate or absorb heat, chang- 
ing the boundary temperature and limiting the rate of the process. Any of 
these steps may determine the overall rate at which a heterogeneous 
reaction takes place, since the overall reaction rate is determined by the 
slowest of these series steps. 

In this chapter we consider these rate-determining steps as applied to 
changes taking place in ceramic systems. Decomposition of hydrates and 
carbonates, solid-state reactions, oxidation, corrosion, and many other 
Phenomena must be considered on the basis of limitations imposed by the 
rates of phase-boundary reactions, material transport, and heat flow. 



9 -l Kinetics of Heterogeneous Reactions 

Reaction Order. Classical chemical-reaction kinetics has been mainly 
concerned with homogeneous reactions and cannot be directly applied to 
many phenomena of particular interest in ceramics, but it provides the 
asis for understanding rate phenomena. Reaction rates are frequently 
classified as to molecularity— the number of molecules or atoms formally 
taking part in the reaction. Overall reactions are also commonly classified 
a « to reaction order— the sum of the powers to which concentrations c u 
c j> and so on, must be raised to give empirical agreement with a rate 
Nation of the form 

-de 

-£-=Kc x m Cr*c? - (9.1) 
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In a first-order reaction, for example, 



On integration this gives 



-de 

dt ~ Kc (9.2) 



,B £- (9.3) 
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slowest individual step. y "* rate ot lne 

K we plot energy along a distance coordinate corresponding to the 



(9.2) 



(9.3) 

For the 
ep, the 
; which 
ifferent 
ity and 
er is a 
taction 
-ept is 

these 
ons. 
on the 
isis for 
hat for 
ited to 

K = 
y. The 
s been 
tivated 
a steps 

kinetic 
s must 
: as an 
a new 
nsition 
arallel 
t rapid 
mplex 
and a 
s. The 
mplex 
of the 



1.1 

1.0 



E J 
o 

o 

2 .5 

o 

C A 
O 

2 3 
.2 

.1 

0 



— i — i — i — r~ i i i i i i 










I 

I <^ / 

r *7 




R *> / > 








1/ 1 l 1 1 1 1 ...L_ 


i i i 


1 2 3 4 5 6 7 
Relative time 


8 9 10 1 




Reactants 



Products 



Reaction distance >■ 

(6) 

Fig. 9.1. Schematic representation of (a) multipart) process in which each path contains 
several steps ; the process is dominated by the fastest path (,>ath^ 
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Chapter 6. This concept of an activated corner h a * k ,uus,on ,n 

ssrvr th - e basis for ^^^Jr^sjssi 

Chapter 6, leads to a specific reaction-rate constant given by 

k h \ ~RT) exp ~/F~ (9.4) 

I^tht ISf f ° ,tZ T n C ° nStant ' * the P,anck cons tant, and AH ' and 
AS the enthalpy and entropy of activation, respectively IndividZ 
reaction steps in an overall reaction process are ullk l l . T 
be designated as monomolecular or ^SfcSLT sSi?™^ ■ 
ments of the unit steps on the basis of ^^co^ZZ^ 
rational theoretical approach to reaction processes " "° W 3 

Complex Processes. Overall processes are frequently convex anH 
require a series of individual separate unit steps. In such a equtce 
rate of any individual step depends on the specific reaction-rate ZZt t 
and the concentration of the reactants f<£ this l^Fo l s^ ol 
consecutive steps, series ot 

A, = Aj = ■■■ A, =Ai^ = --A H (95) 
We can define a virtual maximum rate for each step as the rate that would 

steps 0U UnderTh ,ibria T- *" P-vious a d ^ ^ g 

steps. Under these condit.ons the reaction with the lowest virtual 

XT* vX* °T" ratC if k iS mUCh ,OWer tha « rats o 
! Ill • , » hCSe condlt,ons equilibrium will have been virtually 
established for all previous steps but will not necessarily be estlbl shed 
for the following steps. As shown schematically in Fig 9 1 tS^SS 

rate and the largest activation energy barrier and accounts for 85% of the 
reaction time; steps la and 1c occur more rapidly. ReacTon steol wHI 

reacl^ 

step 7,. bCCaUSe *'* is pr0ducin S few octants for 

We have already noted that most condensed-phase processes of 
Xse b^ C un r rv CS rr 0,Ve ^ er °* eneous ^ems; c'hangesTake P ace a 
to ^^Ph^rbound^nr r" 88 inVO,VCS (I) tranS P° rt of reac tants 
products awav?^ H phaSC ® trans P or < of 

relaUve Iv sTZ.T r P * ^""^ This serics of react ion steps has 

fmuch sloZ , h.'T, 8 ' V° V,d f thC VlVtUal maximum ra " of one step 
mUCh SlOWCr than that of a "y of the other steps. If we assume this to be 
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the case, we have two general classes of heterogeneous reactions: (1) 
those controlled by transport rate and (2) those controlled by phase- 
boundary reaction rate. In general, both the transport process and the 
phase-boundary process involve a number of individual steps, one of 
which has the lowest virtual maximum rate. In going from reactants to 
products, there may be several possible reaction paths for transport 
processes and for phase-boundary reactions. There are three different 
possible reaction paths shown in Fig. 9-1 a. 

9.2 Reactant Transport through a Planar Boundary Layer 

Slip Casting, As an example of the usefulness of determining the 
rate-limiting step for deriving kinetic equations, we begin with the 
ceramic processing technique of slip casting, in which a slurry containing 
clay particles dispersed in water is poured into a plaster of paris (gypsum) 
mold which contains fine capillaries (see Fig. 11.36) that absorb water 
from the slip. This causes a compact layer of clay particles to form at the 
mold-slip interface (Fig. 9.2). The rate of the process is determined by the 
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Fig. 9.2. Schematic representation of the formation of a slip-cast layer formed by the 
extraction of water by capillary action of a plaster of paris mold. 
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transport of water out of the slip and into the capillaries; the rate-limiting 
step is the flow of water through the compact clay layer. As the layer 
thickness increases, the overall rate of material transport decreases 
because of the increased permeation distance (similar to gas permeation 
through glasses, discussed in Chapter 6). 
We begin by writing the flux equation for water, 

J -- K & (9.6) 

where we assume a planar deposit (unidirectional flow) and that the water 
flux J H2 o is proportional to the pressure gradient resulting from the 
capillaries of the plaster mold. The permeation coefficient K depends on 
the clay particle size, particle packing, and the viscosity of water and is 
temperature-sensitive. The water pressure in the slip, P„ is 1 atm; in the 
mold, P m , it is determined by capillarity, AP = P s -P m ~2y/r (Chapter 
5). The surface tension is a function of the deflocculating agents used. 
Until the capillaries become filled with water, AP is approximately 
constant, and the flux can be related to the change of the layer thickness 
dxjdt, 



\Kp)dt K dx~ K X =~ K 7X 



(9.7) 



where p is the density of the cast layer and k is a factor for converting the 
volume of water removed to the volume of clay particles deposited. 
Integration of Eq. 9.7 gives 



1/2 

* 1/2 



or in the general parabolic form 

x = {K'ty n (9. 8 ) 

That is, the wall thickness of a planar casting should increase with the 
square root of time (Fig. 9.3). 

This parabolic rate law is commonly observed for kinetic processes in 
which the limiting step is mass transport through a reaction layer. 

Interdiffusion between Solids. In Section 6.3, we discussed the chemi- 
cal diffusion coefficient and its formulation in terms of the tracer diffusion 
coefficients for the case of interdiffusion. If we measure the rate at which 
two ceramics interdiffuse, this too can be considered the formation of a 
reaction product which is a solid solution rather than a distinct or separate 
phase. Let us consider the interdiffusion between crystals of NiO and 
CoO at a high temperature. The solid solution that forms is nearly ideal; 
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equal to one. Thus Eq. 6.41 becomes 

This is the familiar Darken ^ 

everywhere i» the inlerdiftusion zone and is not stncUy va « 

in Fig. 9.4a J^^*" ^^SsM solution behavior. In 
diffusivit.es (Fig. 9.4&) and ,^; 9 9 ' ** su ™ 9 9 is not directly applicable 
the case of interdiffus.on of N.O-MgO \ B£ W s no jon 
because the tracer diffusmt.es are ™ an expone ntial 

The experimental interdiffus.on coefficient ■ J"^"^ ^ and 
dependence on the concentration rf ™ ckel - 47 and 64) and 

cafion vacancies become ass ocat «£?J^J£^J m 
increase the «^-e of J^** t0 dom inate the 

made in a ir , so that there is sumci f the vacan cies arise 

cation vacancy formation process ^Tha s most of ^ ^ ^ & 
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Reaction occurs at AB 2 0 4 -B 2 0j interface: 
oxygen gas phase transport with A 2+ ion and 
electron transport through AB 2 0 4 : 

A 2+ + 2e ~ + ~0 2 + B 2 0, = A B 2 0 4 









AO 


AB^O, 


BiO = 




A 2 + 




2c~ 



Reaction occurs at AO-AB 2 0 4 interface: 
oxygen gas phase transport with B 3+ ion and 
electron transport through AB 2 0 4 : 

AO+2B 5+ +6<r + |o 2 =AB 2 0 4 



AO 



c 



AB..0 4 



2B 3i 



6c" 



B.O, 



AO 



AB 2 0, 



2B^ 



3A- + 



o-- 



30'-'- 



B 2 0- 



Oxygen and cation transport through AB 2 0 4 : 

(1) Both cations diffuse (/ B >* = |/***). 
Reactions occur at 

AO-AB 2 0 4 interface 
2B 3+ +4AO = AB 2 0 4 +3A 2+ 

and at 

AB 2 0 4 -B 2 0, interface 
3A 2+ +4B 2 03 = 3AB 2 0 4 +2B ,+ 

(2) A 2 * and O 2 " diffuse. 
Reaction at 

AB 2 0 4 -B 2 0, interface 
A 2+ +0 2 -+B 2 03= AB 2 0 4 

(3) B ,+ and 0 2 ~ diffuse. 
Reaction at 

AO-AB 2 0 4 interface 
AO+2B ,+ +30 2 '=AB 2 0 4 

Fig. 9.6. Schematic representation of several mechanisms which may control the rate of 
AB 2 U 4 (e.g., spinel) formation. From Ref. I. 
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might be controlled by the diffusion of A 1+ ions; B J * ions or O 1- ions, by 
the transport of electrons (holes), by the transport of O, gas, or by the 
interface reactions at AO-AB 2 0, or AB 2 04-B 2 0 3 . 

When the rate of reaction-product formation is controlled by diffusion 
through the planar product layer, the parabolic rate law is observed (Eq. 
9.8), in which the diffusion coefficient is that for the rate-limiting process. 
Figure 9.7 shows the parabolic time dependence for NiAl 2 0 4 formation at 
two different temperatures, and Fig. 9.8 is a photomicrograph of the 
planar spinel reaction product on A1 2 0,. (More complex situations arise 
when several phases are formed as reaction products. These are discus- 
sed in reference 1 and by C. Wagner.*) 




Time (Hr) 

Fig. 9.7. Thickness of NiAI 2 0« formed in NiO-AI,0, couples as a function of time for 
couples heated in argon at 1400 and 1500'C. From F. S. Pettit et al.. /. Am. Ceram. Soc.49, 199 
(1966). 

The Electrochemical Potential in Ionic Solids.' When considering point 
defects (Chapter 4) and atom mobility (Chapter 6), we noted that a 



Acta Met., 17. 99 (1969). 
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SPINEL 



A, 2°3 



20 Jj. 



Fig. 9.8. Cross-sectional view of a tVDical NiAl ft f» j - 

after 73 hr a. MOO'C. From F. S. plZ e aTT^ C^c ^ Ni °- A, ' 0> C ° Up,e 

^- i-cuu, ci ai., «/. /i/n. Ceram. Soc. 49, 199 (1966). 

distinguishing feature of ionic crystals is the effective charge that an 
atomic specie may have within the crystal lattice. When thefe is mass 
transport ,n a ceramic, the transport of one charged spedTfs usuaHv 
coupled to the transport of an ion or defect of the oppos te ch rge We 

torce for mass transport rather than just the chemical nn^nfai 

acllnj : m ' Cal P0,e "' ial * a " d elKlri -' PO^-'W * 

where Z, is the effective charge and F is the Faraday constant We h* V r 
already noted in Table 6.1 the interrelationship between^ ill m ! ; 
expressed in terms of electrical and chemical d ivingTorces Th ^£ J " 
to an electrochemical potential gradient is thus ^ given by 

l = c iV! =- ClBi % = - CiB Q + ZiF ^ (9n) 

Examination of the two gradient terms in this equation shows the 
importance of the ionic nature of ceramics Forexamnl* « 

electrical-field gradient that motivates the ion in th* T Deotts etbyan 
Another kind of effect results from the • ZT^S^J^^ 
oppositely charged species. For example cS^ Zs^Z 
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nacked oxides diffuse more rapidly than oxygen, as for the NiO-MgO and 
NiO-CoO interdiffusion already discussed. If this begins to happen in the 
case in which there is a net mass flow (not for the case of diffusion 
coefficient measurements using radioactive tracers), for example, Al 
ions in alumina, a net electrical field results and thereby couples the 
motion of Al +J ions and O" 2 ions. Several solid reactions based on Eq. 

(9.11) are now considered. • ,„ 

Oxidation of a Metal. The most extensive studies of the parabolic rate 
law in which the process is controlled by diffusive transport through the 
reaction product are investigations into the formation of oxide layers on 
metals The analysis techniques were developed by Carl Wagner which 
begin with Eq. (9.1 1). They are described here in some detail because the 
results extend to many ceramic problems. Consider the formation of a 
coherent oxide layer on a metal where the ambient oxygen pressure is 
Po,' and the effective oxygen pressure at the oxide-metal interface Po, is 
determined by the temperature and the standard free energy of formation 
of the oxidation reaction (see Fig. 9.9): 



2Me + 0 2 = 2MeO A G?„ rm ,,ion 



(9.12) 



i _ +4C*WT 



The oxygen concentration gradient (chemical potential) across the oxide 
layer (Fig 9.10) provides the driving force for oxygen diffusion towards 
the metal-oxide interface. A gradient of the chemical potential of the 
metal ion in the opposite direction produces metal-ion diffusion toward 
the oxygen atmosphere. If one atomic flux is larger than the other, there is 
also a net flux of electrons or electron holes. The net transport, which 
determines the rate of oxide growth, is the sum of flux of anions and 
cations and electrons or holes. First we must consider each of these fluxes 
and then we shall look for circumstances when one specie is rate- 
determining and the complex relationships reduce to more simple f orms^ 
The flux of the atomic and electronic species given by Eq. 9.11 can be 
changed to the flux of charged particles by multiplying by the valence: 



Jmc = 



-\ZJic,B 0 ^ = \Zo\h 



-nB,.^ = HI/V 



(9.13) 



J k =-pB„^ = \+\\k 





Fig. 9.9. Standard free energy of formation of oxides as a function of temperature. From F. 
D. Richardson and J. H. E. JefTes, /. Iron Steel Inst.. 160, 261 (1948); modified by L. S. Darken 
and R. W. Gurry, Physical Chemistry of Metals. McGraw-Hill Book Company, New York, 
1953. 



394 



REACTIONS WITH AND BETWEEN SOLIDS 



395 




For a given oxide layer, either electrons or holes are predominant, so that 
only one of the last two equations is necessary. The constraint on the net 
flux is electrical neutrality. If we assume electrons to be the important 
electronic defect, this constraint requires that 

J. + W- (MO 

The net flux and therefore the rate of oxidation is the sum /„ = |/o| + |J M e|- 
The general result can be expressed in terms of the conductivity a and the 
transference number U (see also Chapter 17), which represents the 
fraction of the total charge flux carried by a particular specie; 

^ra^+'^l^i (9 . 15) 



■r2jp(ro+fM.)| ajt | 



Although the composition varies through the layer, average values can be 
assumed for t, and a to simplify the result, which yields a form of the 
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parabolic rate law; 

dx_ 1 J" dt e . - - " i K 

dt x [\Z Mc \F 2 ( ' 0 + ^c)|A Mmc | J = - (9 , 6) 

Recalling that, 

'■- = «* = ^=£^ A (9.17) 

we can see that the oxidation rate is governed by the atomic mobilities or 
d.ffus.v.t.es Let us now consider specific rate limiting cases 
t ~, 1% C T ,Cal CUrrCnt ,S Carried P" mari, y ^ electronic defects 
a. If D 0 $>D Uc , then 

K = \IZjF 2 ^"J (9.18) 
which for an oxide for predominant W defects reduces to the approxi- 



mation 



2|Z Me |J„ oi Dod *° (9.19) 
since ^= ,/ 2Moi + ^ If we 

simHariy; " ^ ^ ^ ^ d ' ffUSi ° n varies' 



D 0 = n / 0 ]D Vi =^ Dvi .p- (92Q) 
and the rate constant becomes 

K " 4^ ^ «Po,' )"" 6 - (Po,T"<} (9.2 1) 

ratt con^nt £° ^ ^ aSSUmC ^ Char8ed mCta " Vacancies ^ *e 

«-^J"^«P,r-(PO>-. (9 22) 
note that D v .JV,i e ] = D Me . 

2. If the electral current is carried primarily by the ions (u+t ) ~ I 

the rate constant from Eq. 9.16 becomes J ' 



rv 

'8|Z Me |e J J Po , '..rflnPo, (9.23) 

mobihties * £S C ° ndUCti0n d r/° C,eCtr ° nS and h0,es ^ich have 
mobilities Mc and respectively (see Table 6.1 Mi = B'i). 
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(9.24) 



If we assume that the defect concentration does not have a large variation 
over the oxide layer 



(9.25) 



An example of the applicability of this relationship is the diffusive 
transport of oxygen through calcia-stabilized zirconia. The oxygen diffu- 
sion coefficient plotted in Fig. 6.11 is very large and accounts for / 0 ~ 1- 
Thus, the slower-moving specie, the electron hole, becomes rate-limiting 
for oxygen permeation (Eq. 9.25), as shown in Fig. 9.11. 

3. If the metal undergoing oxidation has an impurity with a different 
oxidation state, for example, Li in Ni, the defect concentration in the 
oxide may be determined by the impurity concentration. As an example, 
consider the analogous case to Eq. 9.22 for which D M .>D 0 but where 
[ViJ = [F"mJ. The thickness of this extrinsic layer is again determined by 
the parabolic rate law, Eq. 9.16, but with the reaction constant, 



X M = 2Dvi.[ Vi.][ln Po/ "I" Po,>Me 



(9.26) 



If the impurity concentration and oxygen pressure are such that the 
defect concentrations are in an intermediate range, an intrinsic layer may 



Temperature <°C) 
1600 1400 1200 1000 800 



600 




0.8 

i/r (*k"x io 1 ) 

Fig. 9. 11 . Oxygen permeation through calcia-stabilized zirconia as a function of tempera- 
ture. The oxygen transport is controlled by the concentration and mobility of electron holes, 
Eq. 9.25. From K. Kitazawa, Ph.D. thesis, MIT. 1972. 
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form on the oxygen-rich side (external) and an extrinsic oxide layer on the 
metal-rich side (at the oxide-metal interface) 

Short-Circuit Diffusion Paths. In each of the examples of metal 
oxidation, lattice diffusion D, was assumed to be the rate-determining 
U-ansport process. In Section 6.6 the importance of other more rapM 
d.ffusion paths was d.scussed. The effects of short-circuit paths can be 
incorporated mto the parabolic rate equations. For example, an apparent 
diffusely D from Eq. 6.67 can be used in Eq. 9.16 to include the 
contnbutions from lattice D, and boundary diffusion D b - 



D a = D,0-f) + fD„ 
dx_ K'D a 
dt x 



(9.27) 



where the diffus.on coefficient has been extracted from the rate constant 
to give another constant K'. Low-temperature oxidation and oxide layers 
with fine grain sizes are expected to form by boundary diffusion 

Chemical Diffusion in Nonstoichiometric Oxides. The chemical diffu- 
sion coefficient for the counter diffusion of cations and anions can also be 
determined from the Wagner analysis. If we assume that electrical 
conduction is mainly electronic 1) that is, movement of electrical 

2w ,S " 0t * • ^ i im,ting StCP f ° r mass trans P° rt ( ions >. ^ chemical 
diffusion coefficient D can be determined. In terms of diffusion coeffi- 
cients rather than transference numbers Eq. 9.15 becomes 

/- = (|Z MC | A, + |Z 0 |D MC ) ± ^ (9 . 28) 
In terms of Fick's first law this can be rewritten 

where c represents the excess (or deficit) of the metal or oxygen in the 
^stoichiometric compound. The chemical diffusion coefficient is the 
bucketed term^Consider. for example, the transition metal monoxides 
(Fe, 4 0, N,,_0, Co, ,()•••) for which c«[V Me »], where „ is the 

dfffu loLtT- °? th6 u vacanc y and wher * D»>D* The chemical 
diffusion coefficient can be written from Eq. 9.29 in the form 



(9.30) 



for which the substitution d„ 0 = l/2kTd In has been made. From the 
defect equ.librium reaction, the mass action law gives 

f« r [^] = /C VM ,.p 0i '« (93I) 
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The derivative in Eq. 9.30 can now be determined; 

_f^ = 2(« + l) (9-32) 

Substituting this into Eq. 9.30 and recalling that c„«D M .= c v D v , the 
chemical diffusion coefficient is given by 

5 = (a+l)D VM .-- < 9 - 33 > 
Thus for singly charged vacancies, D = 2D V „ and for doubly charged 

controHed changes in the composition. The value of the chem.cal d.ff»- 
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sion coefficient correlates with the tracer value (Eq. 9.30) when the defect 
equilibrium relationships are known. 

Ambipolar Diffusion. The formality used to derive Eqs 9 11 and 9 13 
also allows us to determine the effective diffusion constants when cations 
and anions are flowing in the same direction. Referred to as ambipolar 
diffusion, a description of the atomistic process must again consider the 
coupling between the oppositely charged species when the transport of 
electrons and holes is slower than ion transport. If the flux of cations 
becomes excessive, a local internal electric field builds up to "drag" along 
the anions. This behavior is important in processes involving reactions 
which cause product formation, in processes which are in response to an 
applied electric field, and in processes which result in a shape change due 
to mechanical or surface tension forces such as sintering and creep 

As an example, consider a pure oxide for which f eI = 0. Equation 9 1 1 
can be written for anion and cation transport as in Eq. 9.13 Since the 
transport of each ion is in the same direction, electrical neutrality is 
maintained when 

T ~\z Mc \-\zj (9 - 34 > 

where J T refers to the total molecular flux. Equating the anion and cation 
charge flux allows for the solution of the internal electric field, d<j>ldx, 

|Z 0 |c 0 B 0 [^ + Z 0 Ff] = |Z Mc |c Me B Me [fe + z Me Ff] (9 . 35 ) 

in terms of the chemical potential of the oxide, /ztfvfe^.J. The chemica , 
potential of the oxide is the sum of the chemical potentials of cations and 
anions, 

dfi. (Me^O^.) = Z Me d M o + Zo dfi Mc (9 36) 

W_ f|Z„M,-|Z Me | CM .B M .i . 

dx MZM«|Z Me |c Mt B Me - Z„|Z 0 M;i -JT < 9 - 37 ) 

,To h „ e nf W p e h o V ^ aSSUm ^ ,0Ca ' e< J ui,ibrium > W dc Mc = |Z„| dc Substitu- 
tion of Eq. 9.37 into Eqs. 9.34 and 9.13 yields 

J T = . ~ CM.gM.CoB B <?M(Mez,0, ) 

Z M c|Z M .|c M «B Me -Zo|Z„|c 0 Bo (9.38) 

HiVa? iS ? C T reCti0n due 10 amb, 'P° la r effects to the diffusion 
transport result.ng from a chemical potential gradient. Consider as an 
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example of the applicability of Eq. 9.38 to sintering of pure MgO for 
which the values of Zm« = |Z 0 | = 2 and Cm. = c 0 - c : 



Jt [Bm.+ Bo] ax 



(9.39) 



Since p.* = + KT In d - A + RT In c, Eq. (9.39) can be expressed 

as 

c„^B».B a RTd In c Mg0 ^ B^DpRTdc^, (9 4Q) 
Jt = [Bm«+Bo] a"* IBm«+Bo] dx 

is the concentration gradient due to curvature (Chapter 10). 



where 



dx 



Recalling that the tracer diffusion coefficient and mobility are related by 
Eq.(6.11), „ TnT 

flCMgO 



D Mt T D 0 T 



(9.41) 



[D Mt T + Do T ] dx 

Thus the total molecular transport may be governed by the slowest- 
moving specie if there is a large difference in diffusivities (e g., D M . > D.; 
J T « D„) or by an intermediate value when they are not too disimilar (e.g., 

D M . = 3D 0 ; Jt « D M J4). 

Since some ions transport more rapidly in boundaries or along disloca- 
tions, a relationship for ambipolar diffusion can be derived when paths 
other than the lattice are assumed. A simple case has been derived for 
steady-state grain boundary and lattice transport.* The effective area of 
transport in the lattice A' and boundary A b must be incorporated ,n he 
equation for total mass flow. For the case of a pure material MO the 
effective diffusion coefficient is similar in form to Eq. 9.41 and given by 



(A'DJ +A"D M . b )(A , D 0 ' +A"Do b ) 
- {A » Dmc . + A » DMt » ) + {A 'Do' + A ~Vo L ) 



(9.42) 



where D' refers to lattice diffusion and D" refers to boundary diffusion 
In many oxides, it has been observed that A b D« b >AD> and that 
A'D, 



, Mt >A b D M b ; thus Eq. 9.42 reduces to 



A'DjA b D 0 b 

'«««*'• ~ A 'Dm/ +A'Do' 



(9.43) 



Diffusive transport in real materials is more complex, owing to impurities 
and imperfections, but relationships like these can be derived to include 
more complex situations.t 



iffusion 
r as an 



»R. S. Gordon, J. Am. Ceram. Soc, 56, 147 (1973). 
tD. W. Readey, /. Am. Ceram. Soc, 49, 366 (1966). 
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93 Reactant Transport through a Fluid Phase 

As discussed in Section 9.1, heterogeneous reactions at high te mpera 
ures requi re first, material transfer to the reaction interfaS, second" 

wTflt * Pha % b ° undar y' and ™ "me cases diffusion of p oS 
away from the reaction site. Any of these steps can have the lowest 
virtual reaction rate and be rate-controlling for the overall pr0 « 
Generally, once a reaction is initiated, material-transfer phenomena 
determine the overall rate in the high-temperature systems of nTporCe 
«n ceramics. As discussed in the previous section, the diffusion of ions and 
electrons through a stable oxide film on the surface of a metaNeterminef 

tVmaT be defe * ' "Tk" ^ ^ f ° rmS Wkh Cracks -d filreT h 
rate may be determined by gaseous diffusion through these channels In 

ce^rr a t we r ,sh to consider severai important * ?sr;£ 

sss^sr 8ases and ,iquids and to determine J 

Gas-Solid Reactions: Vaporization. The simplest kind of solid-eas 
reactions are those related to vaporization or thermal decompose* of 
he solid. Section 9.4 contains a discussion of the decompositbn o a solid 
to a gas and another solid; in this section we are primarily concerned w h 
reactions in which the solid forms only gaseous products T h TatTo) 
decomposition ,s dependent on the thermodynamic driving forces on the 
surface-reaction kinetics, on the condition of the reaction L^ce and on 

volatilize much more rapidly in a vacuum than in air 
The loss of silica from glass and refractories in reducing atmospheres is 

Co X The )T Whkh ,imitS thC USefulnCSS ° f these «ram"c product 
Consider the following reacfon which can cause the volatilization of 



2Si0 2 (i) = 2SiO(g) + O z (g) 
At 1320°C, the equilibrium constant is 



- P s,oP 0j 2J 

2 ~ 10 



(9.44) 



(9.45) 



Assuming unit activity for the silica, it is apparent that the ambient 
oxygen partial pressure controls the pressure o?SiO(g) and Z Jok Z 
CO xZTTt U p dCr rCd r' ng COnditio « s Onerfatmosp 
(023toT 02=10 atm ' Si ° PrCSSUre » 3x«T^ 

The rate of evaporation near equilibrium is given by the Knudsen 



equation:" 



where — is 
at 

sample area, 
weight of i, a 
gas flow rate 
sample is no 
evaporation j 
be in equilib: 
total pressur 



where A is i 
When the ■ 
mixtures Po, 
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equation: 



dn, _ AP,cti 
dt ~ VlirMiRT 



(9.46) 



where ~ is the loss of component i in moles per unit time, A is the 
sample area, a, is the evaporation coefficient (a, < 1), M, is the molecular 
weight of i, and P, is the pressure of i above the sample. If there is a high 
gas flow rate over the sample or if the evaporation is into a vacuum, the 
sample is not able to maintain its equilibrium vapor pressure P„ and the 
evaporation rate is controlled by the interface reaction rate. For the gas to 
be in equilibrium with the solid, the gas flow rate S (moles/sec) and the 
total pressure P T (atm) must satisfy the inequality 



Aa,P T 



S(M,T) 



re >2.3x 10 



(9.47) 



where A is in square centimeters and T in degrees Kelvin. 

When the oxygen partial pressure in the gas phase is controlled by gas 
mixtures Po,"'. the equation (9.46) becomes 



Jo,= 



(Pc 



■ Po^Vch 



(IttM^RT) 



(9.48) 



where Po, is calculated from the standard free energy of the decomposi- 
tion reaction (e.g. Eq. 9.45). 

For the vaporization of SiO, by reaction (9.44), Eq. 9.46 predicts a loss 
rate of about 5x 1<T J moles SiOjcm'sec at 1320°C. Figure 9.13 shows 
actual SiO, loss rates from various silica-containing refractories annealed 
in hydrogen. The overall decomposition reaction in this case is 

H 2 (g) + SKMs) = SiO(g) + H 2 0 (9.49) 
The effect of a few mole percent water vapor in the gas stream is evident 
from Fig. 9.14. As predicted from Eq. 9.49, the SiO(g) pressure is 
decreased by an increase in the H 2 0(g) pressure. 

Chemical Vapor Transport. Next let us consider the reaction of an 
active transport gas with a ceramic. The net effect is to increase the 
vapor-phase transport. Some high-temperature ceramics and many thin- 
film electronic devices are prepared by chemical vapor deposition. By 
controlling the chemical potential (concentration) of reaction gases, the 
rate of deposition can be controlled. Generally the rate of deposition and 
the temperature of deposition determine the reaction kinetics and rates at 



nudsen 



M. Knudscn, Ann. Phys., 47, 697 (1915). 
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Time (Hr) 

Fig. 9.14. Weight loss of brick at 1370°C in 75% H 2 -25% N, atmosphere. After 32 hr water 
vapor was added for 1 50 hr. From M . S. Crowley, Bull. Am. Ceram. Soc, 46.679 (1967). 

which the decomposition products can * 'crystallize' * on the reaction 
surface. If the supersaturation is large, homogeneous gas-phase nuclea- 
tion occurs; that is, a heterogeneous surface is not needed. As the 
supersaturation is reduced, the gases react in the vicinity of a surface, and 
a polycrystalline deposit is formed. The perfection of the deposit, 
porosity, preferred grain orientation, and so on, depend on the particular 
material and the rate of deposition; usually slower deposition and higher 
temperatures result in a more perfect reaction product. Finally, when a 
single-crystal substrate is used as the heterogeneous reaction surface, 
epitaxial deposition occurs. In the latter case, a single crystal with an 
orientation determined by the substrate is formed. 

To understand the kinetics of chemical vapor deposition fully requires 
a knowledge of all of the thermodynamic equilibria involved and the 
respective kinetic processes for the generation of reactants, mixing of 
reactant gases, diffusion through the boundary layers, molecular combi- 
nations at the interface, exsolution of gaseous products, surface diffusion 
of the solid products, and so on. We have chosen, as an example, a simple 
system for which the rate-determining step is diffusion in the gas phase. 
Consider the closed system shown in Fig. 9.15 in which two chambers are 
held at thermal equilibrium. Assume that the chemical reactions in each 
chamber reach thermodynamic equilibrium such that the diffusion flux of 






406 



INTRODUCTION TO CERAMICS 



Distance - 
fA 



Powder 



n 



-HCI 



stal 



FeOfsi + 2HCUg) 



— 7 1 Av 



System 



cm 2 /sec 



Fig. 9.15. Schematic diagram of chemical vapor transport of iron oxide in a temperature 
gradient. 



matter is from the hot chamber to the cooler chamber because of the 
concentration gradient (the direction of transport is determined by the 
sign of the enthalpy of the reaction). 

The kinetics of mass transport as determined by the diffusion of the 
rate-limiting specie — for example, diffusion of FeCI 2 (g) — is given by 
Fick's law: 

$.- AD Z.- AD i«.- AD S!^l ( , 50) 

where n is the number of moles transported, A the cross-sectional area of 
the connecting tube (cm 1 ), D the diffusion coefficient of the rate-limiting 
specie, and c the concentrations in the respective isothermal chambers. 
For an ideal gas 



Ch V, RT h 



and the composition difference is 



(9.51) 



(9.52) 
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(9.50) 

al area of 
^-limiting 
hambers. 



(9.51) 



(9.52) 



Thus, the transport rate is determined by 

dn_ AD 
it lRT t * 



(Ph-Pc) 
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(9.53) 



The equilibrium pressures can be determined by the standard free energy 
of formation at each temperature; for example, at the higher temperature 

(9.54) 

P HClfl FeO 

In a closed system such as a quartz ampoule an initial HC1 pressure of 
B atm results in the adjustment of the formation reaction by the 
formation of equivalent numbers of moles FeCU and H.O. The expression 
(9.54) reduces to 



AG£ = -RT h In- 



(9.55) 



1 (B -2P Fcaj ) 2 

which can be solved for each temperature and therefore leads to a 
prediction of the transport rate from Eq. 9.53. 

In general, the rate-limiting gas-phase transport step ,s a function of the 
total pressure of the system. At very low pressures (P,^<10 atm) 
gas-phase molecular collisions are infrequent and thus transport becomes 
L-of-sight. At intermediate pressures (10-<P^<10 atm) the 
diffusion-limited case discussed above becomes important. At n,gner 
pressures (P, ol . > 10" atm) convective mass transport is more rapid If 
convection or forced flow becomes rapid, gas-phase diffusion through the 
boundary layer may become the rate-determining process. 

Liquid-Solid Reactions: Refractory Corrosion. An important example 
of the kinetics of liquid-solid reactions is the rate of dissolution of solids 
in liquids, particularly important in connection with refractory corrosion 
by molten slags and glasses, with the rate of conversion rfioUWd 
components to glass in the glass-making process, and w.th the 1 ring ^of a 
ceramic body in which a liquid phase develops. No nucleation step is 
required for the dissolution of a solid. One process that can determine the 
rate of the overall reaction is the phase-boundary reaction rate which is 
fixed by the movement of ions across the interface in a way equivalent to 
crystal growth (Section 8.4). However, reaction at the phase boundary 
leads to an increased concentration at the interface. Matenal must diffuse 
away from the interface in order for the reaction to continue. The rate of 
material transfer, the dissolution rate, is controlled by 
the liquid which may fall into three regimes: (1) molecular diffusion, (2) 
natural convection, and (3) forced convection. 
For a stationary specimen in an unstirred liquid or in a hqu.d with no 
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of dissolution becomes nearly independent of tune. lUe general P 
sion for mass transport during convection is 

(9.56) 



J = 



dnldt D(c, -c-) 
A 5(1 -c,V) 



Fig. 9.17 and defined by 

(9.57) 



5 = 



Ci -c, 

(dc/dy) 



? TJ&^£Xi^ST«-i thLe, boundary 
slower material transfer. Higner wiiu rac torv dissolution 

layers and permit more ra P ,d ^^^^'^Ll velocity 
in glasses and silicate slags, the high viscosity and slow n y 
combine to give relatively thick boundary ^ ^ f 




Distance from interface (cm) 
Fig. 9.17. Conception gradient through diffusion .ayer at a soiution interface. 
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in aqueous solutions, so that there is more of a tendency for the reaction 
process to be controlled by material-transfer phenomena rather than 
interface reactions. 

Values for the boundary-layer thickness have been derived for special 
cases in fluid flow. The boundary-layer thickness for mass transport from 
a vertical slab with natural convection caused by density-difference 
driving forces is 

where x is the distance from the leading edge of the plate, v is the 
kinematic viscosity 7j/p, g is the gravitational constant, p. is the density 
of the bulk liquid, and p, is the density of the saturated liquid (the liquid at 
the interface). Thus the average dissolution rate for a plate of height h is 
given by 

The boundary-layer thickness for mass transport from a rotating disc is 

s=i - 6ii (?r tr ^ 

where o) is the angular velocity (rad/sec). The mass transfer for a rotating 
disc is proportional to the square root of the angular velocity: 

= ^ = 062D2% _ I/6w ^ic LZ ^ 
A > (1-oV) 

Figure 9.18 shows the dissolution kinetics of sapphire into CaO-AI 2 Oj- 
Si0 2 for the free convection kinetics and in Fig. 9.19 for forced flow. In 
each case the kinetics are time-independent, as predicted by Eqs. 9.59 and 
9.61. 

Comparison of the data for sapphire dissolution at 1550°C for kinetics 
limited by molecular diffusion, free convection, and forced convection 
(126 rad/sec) show the dimensional change AR (cm) to be related to time 
as 

AK (molecular diffusion) = (1.77 x 10~ 4 cm/sec ,/2 )t m 

AR (free convection) = (3. 15 x KT* cm/sec)* (9.62) 
&R (forced convection) = (9.2 x 10" 5 cm/sec)f 

The important parameters for convective dissolution are fluid velocity, 
kinematic viscosity, the diffusivity, and the composition gradient. 
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Fig. 9.21 . Corrosion rate under forced convection conditions in the ^^f^^' 
slag of indicated specimens of sapphire, polycrystalline alumina, mulhte. and v.treous s.hca. 
From Ref . 6. 



Refractory corrosion is often much more complex. Besides complex- 
ities in the hydrodynamics of a molten bath, refractories seUorn have 
ideal surfaces and are usually not of uniform composition. Mul, phase 
bodies and brick with extensive porosity provide centers f«^«"* 
corrosion, spalling, and penetration by the HquuL In ^nse s^e-Phase 
ceramics, corrosion may be greatest at grain boundaries. Tins can be seen 
from the data in Fig. 9.21, in which the corrosion of polycrystalhne A1,0, 
is about 40% greater than sapphire after 2500 sec. 

9.4 Reactant Transport in Particulate Systems 

Of particular interest to ceramists is the large number of transforma- 
tions which occur with granular or powdered raw materials; for example 
the dehydration of minerals, decarbonization of carbonates, and 
polymorphic transformations. In general, the minerals and reaction 
JroductTinvolved are used in large volumes; thus even though the nature 
of these reactions is complex, study of a few examples .s important and 
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elucidates the important kinetic parameters and illustrates the concept of 
the rate-limiting step. 

Calcination and Dehydration Reactions. Calcination reactions are 
common for the production of many oxides from carbonates, hydroxides, 
sulfates, nitrates, acetates, oxalates, alkoxides, and so on. In general the 
reactions produce an oxide and a volatile reaction product (e.g., C0 2 , S0 2 , 
H 2 0, . . .). The most extensively studied reactions are the decomposition 
of Mg(OH) 2 , MgC0 3 , and CaC0 3 . Depending on the particular conditions 
of temperature, time, ambient pressure, particle size, and so on, the 
process may be controlled (1) by the reaction rate at the reaction surface, 
(2) by gas diffusion or permeation through the oxide product layer, or (3) 
by heat transfer. The kinetics of each of these rate-limiting steps is 
considered. 

Let us first consider the thermodynamics of decomposition, for exam- 
ple, the calcination of CaC0 3 : 

CaC0 3 (s) -* CaO(s) + C0 2 (g) AH~ , = 44.3 kcal/mole (9.63) 

The standard heat of reaction is 44.3 kcal/mole, that is, strongly endother- 
mic, which is typical for most decomposible salts of interest. This means 
that heat must be supplied to the decomposing salt. 

The standard free energy for the decomposition of CaC0 3 , MgC0 3 , and 
Mg(OH) 2 is plotted in Fig. 9.22. The equilibrium partial pressure of the gas 
for each of the reactions is also plotted in Fig. 9.22. Note, for example, 
that when AG° becomes zero, P COl above MgC0 3 and CaCO> and P H J> 
above Mg(OH) 2 have become 1 atm. The temperatures at which this 
occurs are 1156°K (CaC0 3 ), 672°K (MgC0 3 ), and 550°K (Mg(OH) 2 ). The 
Pco, normally in the atmosphere and the range of P H2 o (humidity) in air 
are also shown in Fig. 9.22. From these values we can determine the 
temperature at which the salt becomes unstable when fired in air. For 
example, CaCO, becomes unstable over 810°K, MgC0 3 above 480°K. 
Depending on the relative humidity, Mg(OH), becomes unstable above 
445 to 465°K. Because acetates, sulfates, oxalates, and nitrates have 
essentially zero partial pressure of product gases in the ambient atmos- 
phere, it is clear that they are unstable at room temperature. That they 
exist as salts to a decomposition temperature of about 450°K indicates 
that their decomposition is governed by atomistic kinetic factors and not 
by thermodynamics. 

The kinetics, as noted above, may be limited by the reaction at the 
surface, the flow of heat from the furnace to the reaction surface, or the 
diffusion (permeation) of the product gas from the reaction surface to the 
ambient furnace atmosphere. This is shown schematically in Fig. 9.23, 
which also includes the appropriate heat and mass flow equations. The 
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Fig. 9.22. Standard free energy of reaction as a function of temperature. The dashed lines are 
the equilibrium gas pressure above the oxide and carbonate (hydroxide). 



rate-limiting step depends on the particular substance which is undergoing 
decomposition and the relative temperature. For example, at low temper- 
atures the existence of unstable salts which decompose at higher tempera- 
tures suggests that the initial decomposition must be controlled by 
atomistic processes because there is no reaction-product interference in 
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5 q2 ~ r.-r 

P t = e ~ &CVRT i 

p = density of CaC0 3 

5 = boundary-layer thickness 

M- molecular weight 
h, = heat-transfer coefficient 
k = thermal conductivity of CaO 

Fig. 9.23. Schematic representation of the decomposition of a spherical particle (e.g., 
CaCO,) of a salt which yields a porous oxide product (e.g., CaO) and a gas (CO,). The reaction 
is endothermic, requiring heat transfer. The driving forces for heal and mass transport for 
steady-state decomposition are expressed as temperatures and pressures in the furnace 
(T},P,), at the particle surface (T„ P,), and at the reaction interface (T„ />,). 



the transport of heat to the reaction interface or gaseous product away 
from the interface. 

The reaction shown schematically in Fig. 9.23 is heterogeneous; that is, 
the reaction occurs at a sharply defined reaction interface. Figure 9.24 
shows this interfacial area for MgCO, for which the reaction proceeds 
from nucleation sites on the surface of the MgC0 3 platelets. The 



Fig. 9.24. Transmission electron micrographs of MgO prepared by thermal decompos.uon 
of basic magnesium carbonate, (a) Pseudomorphed MgO (550X calcne ; (b) crysta.l.te 
approaching cube form (900«C calcine); (c) two-dimensional moire pattern from overlapped 
crystallites (550»C calcine). From A. F. Moodie, C. E. Warble, and L. S. W.lhams, /. Am. 
Ceram. Soc, 49, 676 (1966). 
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decomposition kinetics for cylindrical geometry is 



u-«r =,-*„,„ (9 64) 



where a is the fraction decomposed, it is the thermally activated kinet.v 

particle radius. The first-order kinetics (Eq. 9.2) for this react.™ 
seve^l temperatures isshown in F^^^J^^^ 
The importance of the surface on the decomposition rate is indicate^ 
the time to decompose (700°C) a cleaved calcite crystal (CaC0 3 ) S hr 
compared with an equivalent mass of the same material in powder form,' 

tion ri7 t . emperatures L the crysmhe size strongly affects the decomposi- 
Uon rate; however, at h,gher temperatures, as the chemical driving W 
mcreases and as the thermal energy to motivate diffusional process' and 
eaction kinetics increases, other steps may become rate-coZl „ e f" r 
example the rate of heat transfer. Figure 9 26 shows thrrlTf'v 
temperature of a cylindrical sample of pLed CaC^Lt which w" 

mum T \ t fU T e - The Sam P ,e temperature increases To a „T 
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Fig 9 26 Comparison of the furnace temperature to center-line temperature of a cylindrical 
sample of CaCO, thrust into a preheated furnace. From C. N. Satterfield and F. Feales, 
A.LCH.EJ., 5, 1 (1959). 

9.27. As the Pco, is increased, the driving potential for the reaction 
decreases, and thus the reaction rate is decreased. 

Some of the clay minerals, kaolin in particular, do not decompose in the 
manner shown in Fig. 9.23; that is, they do not have a heterogeneous 
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Fig 9 27 Rate of decomposition of CaCO, in CO, atmosphere; R„~c = 
(1 -Pco J /Pco J )/(BPco 1 + WRo), where P^ = equilibrium CO, pressure, B = constant, and 
R 0 = decomposition rate in a pure neutral atmosphere. From E. P. Hyatt, I. B. Cutler, and M. 
E. Wadsworth, J. Am. Ccram. Soc, 41, 70 (1958). 
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reaction interface or a reaction product which breaks up into small 
crystallites. Above 500°C the water of crystallization is evolved and a 
pseudomorphic structure remains until 980°C. The pseudomorph is a 
matrix of the original crystal structure containing large concentrations of 
vacant anion sites. Above 980°C the structure collapses irreversibly into 
crystalline mullite and silica, which releases heat (see Fig 9 28) 
The reaction kinetics is controlled by the diffusion of hydroxyl'ions in 

I a t r ^ CT tha " thC heter °8 enous sur *ace decomposition illustrated in 
tig. 9.23. The kinetics is thus homogeneous and controlled by diffusion in 
the solid, which gives a parabolic rate law. The dehydration kinetics of 
kaohnite is given (1) in Fig. 9.29 for size fractions. A similar situation is 
observed for the decomposition of Al(OH),. 

Powder Reactions. In most processes of interest in ceramic technol- 
ogy solid-state reactions are carried out by intimately mixing fine 
powders. This changes the geometry from that considered in Fig 9 6 and 
the actual reaction is more like that illustrated in Fig 9 30 

If the reaction is carried out isothermally, the rate of formation of the 
reaction zone depends on the rate of diffusion. For the initial parts of the 
reaction the rate of growth of the interface layer is given to a good 
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Holt. I. B. Cutler, and M. E. Wadsworlh. J. Am. Ceram. Soc. 45, 133 (1962). 




Fig. 9 JO. Schematic representation of reaction-product layers forming on surface of 
particles in powder mixture. 
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approximation by the parabolic relationship in Eq. 9.8. If V is the volume 
of material still unreacted at time t y then 

V = j7r(r-y) 3 (9.65) 

The volume of unreacted material is also given by 

4 

V=-7rr 5 (l-a) (9 i66 ) 

where a is the fraction of the volume that has already reacted. Combining 
Eqs. 9.65 and 9.66, 

y = r(l -^1 -a) (9.67) 
Combining this with Eq. 9.8 gives for the rate of reaction 

(l-^)'=(^)t (9 . 68) 

Note that this is for spheric al geo metry where Eq. 9.64 is for cylindrical 
geometry. By plotting (1 -^1 -a) 2 against time, a reaction-rate constant 
equivalent to KD/r 2 can be obtained which is characteristic of the 
reaction conditions. The constant K is determined by the chemical- 
potential difference for the species diffusing across the reaction layer and 
by details of the geometry. 

The relationship given in Eq. 9.68 has been found to hold for many 
solid-state reactions, including silicate systems, the formation of ferrites, 
reactions to form titanates, and other processes of interest in ceramics. 
The dependence on different variables is illustrated for the reaction 
between silica and barium carbonate in Fig. 9.31. In Fig. 9.31a it is 
observed that there is a linear dependence of the function ( I - ^l^a) 2 on 
time. The dependence on particle size illustrated in Fig. 9.316 shows that 
the rate of the reaction is directly proportional to 1/r 2 in agreement with Eq. 
9.68: in 9.31c it is shown that the temperature dependence of the 
reaction-rate constant follows an Arrhenius equation, K' = 
Kiexp(-Q/KT), as expected from its major dependence on diffusion 
coefficient. 

There are two oversimplifications in Eq. 9.68 which limit its applicabil- 
ity and the range over which it adequately predicts reaction rates. First, 
Eq. 9.68 is valid only for a small reaction thickness, Ay ; and second, there 
was no consideration of a change in molar volume between the reactants 
and the product layer. The time dependence of the fraction reacted 
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corrected for these two constraints is given as* 

[1 + (Z - l)«f° + (Z - 1)(1 - a) 2 * = Z + (1 - Z) t (9.69) 

where Z is the volume of particle formed per unit volume of the spherical 
particle which is consumed, that is, the ratio of equivalent volumes. A 
demonstration that Eq. 9.69 is valid even to 100% reaction is shown in Fig 
9.32 for the reaction ZnO + A1 2 0 3 = ZnAl 2 0 4 . 
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Fig. 9.32. Reaction between ZnO and AMD, toform ZnAI,0 4 at 1400°C in air (two spherical 
particle sizes). See reference I, p. 102. 

Calculating the reaction rate given in Eqs. 9.68 and 9.69 on an absolute 
basis requires knowledge of the diffusion coefficient for all the ionic 
species together with a knowledge 6f the system's geometry and the 
chemical potential for each specie as related to their position in the 
reacUon-product layer. The diffusing species which control the reaction 

*R. E. Carter, J. Chem. Phys., 34, 2010 (196!); 35, 1137 (1961). 
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(9.70) 



where y is the interfacial energy (ergs/cm'), M the molecular weight, and 
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P the density of the precipitate particle. This relation also assumes that 
the activity is given by the concentration. If J2*L<,, the increase(J 
solubility is given by 

V RTap + J C * i+ RT^- (9-71) 

For simplicity, consider a system of two particle sizes a , and a 2 where 
«, > a 2 . The a 2 particles are more soluble in the matrix and thus tend to 
dissolve because of the concentration driving force: 

c _ c _ 2Myc Pi , /l 1\ 

C " C °>- RTp [J,~J (9-72) 

From Fick's law we can determine the rate of growth of these particles if 

z:z m t c r°f ed by diffusion in the matrix > ^Sv e i ; 

isee rig. y.J3a). The rate of mass gain by a, is 

$ = ~ D {f) {c °- c °J (9.73) 

* Z Alx .! s a re P«-esentative area-to-length ratio for diffusion between 
two dissimilar particles. Substitution of Eq. 9.72 into 9.73 yields 

dt u \x) RT P wrvj ( 9 - 74 °) 

As we have assumed spherical particles and must conserve mass, 

dQ A 2 da 2 ,dfl, 

^- = p4™, — = -p4Wf^ (9.74^ 

the growth of a, is 

P . ' dt D \ x ) R T p fc-^j (9.75) 

Equation 9.75 can be integrated under various approximations, however 
he same solufon results by considering the following approbate 
solution. If we assume that the small particles contribute so^ to ,h" 
matrix faster than the solute is precipitated onto the large pa^, es h 

Problem 0 ^ bC 35 * ^dlZlZ ^t 

lart n art ?i C 'f T" 8 "** " t0 be diffusion of ™«er <o the 

large part.de from the matrix. Assume a diffusion field of r(rla) 
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Re 9 33 (a) Coarsening of particles in a two-size particle system; (b) growth of particle a , 
inadiffusion field of radius r;(c) variation in theparticlegrowthratewithpart.clerad.us. 



around the growing particle (Fig. 9.33b); thus Fick's first law of spherical 

symmetry is 

J=4vDLc(-^-) W*> 
2Myc P i. 

where Ac - RTpai 

Recalling that for dispersed particles r t>a„ the flux is given by 

_ 4irD2M7Cp.,. / air \ _ AirDc^lMy = CQnst (9 77) 

1 ~ RTpa, \r-aj RTp 
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The flux is a constant, independent of the growing particle radius, 

which after integration becomes 



or 



where 



_ 6£>c pi ,Afy 



(9.79) 



(9.80) 



More rigorous analyses give essentially the same result for a distribution 
of precipitates.* The variation in the growth rate for varying particle size 
and for increases in the mean radius is illustrated in Fig. 9.33 c The 
diffusion-limited growth of precipitates and of grains during liquid-phase 
sintering have been observed to have this cubic time, dependence (Fies 
9.34 and 9.35). * 
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J. Am. Ceram. Soc, 51. 402 (1968). ' 

The coarsening relationships discussed above assumed spherical parti- 
cles. The following discussion demonstrates that faceted particles and 
even those with different surface energies can be included in the growth 
expressions by properly defining Ac, the concentration difference. 

(195« WagnCr ' Z EUctr0Ckem > 581 " 591 < 1%l >: G - W * Greenwood, Acta Met., 4. 243-248 
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Consider a size class of particles of constant shape but with a surface- 
to-volume ratio S v = SI V. The surface contribution to the free energy is 



G-G*L = yS = ySvV 



(9.81) 



The chemical potential difference between the faceted particle (/it) and 
the' planar interface (/ut P i) is 



(9.82) 
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where V is the molar volume for the particle phase. Let x be some linear 
parameter of the particle size such that S = ax 3 = ^ where a and a ^ 
characteristic shape constants. Then 

(dS\ =s dSlS_2 Q 2a 

and „ _ _ f?2 a 

Apt yV 3x (9-84) 

Equations 9.81 to 9.84 hold for any system of constant-shape particles 
"respective of whether they are spherical or faceted. If we assume he 
activity is given by the concentration, 

A C - 0* ~ Mp.i.)c.., yVc^ II n\ 

RT ~^T~\37) (9.85) 

For spheres a = 3 and x = r, we have the Thompson-Freundlich equation 

Ac - 2 rVV,, _ 2yMc^_ 
rRT RTrp 

where V is the molar volume, M the molecular weight and p the density 
h appli^: tC Varyin8 SUrfaCe f ^ ™™ the Wulff theoS 



2, 



'2(?) 



where x, is the distance from the ith facet to the particle center. 



9.5 Precipitation in Crystalline Ceramics 

The nucleation and growth of a new phase has been discussed in 
Chapter 8 and applied there to processes occurring in a liqu d or 1 
matnx. Polymorphic phase transformations in crystalline soHds are 
discussed .„ Chapter 2. Precipitation processes from a crystal! ne matr x 
m which the precpitate has a composition different from he orijnll 
crystal are .mportant in affecting the properties of many ceramic sy S em 
and as techniques such as transmission electron microscopy JpzToi 
observing and identifying fine precipitate particles are more fully appHed 

mlrT^W ° CC Tr ^ imp ° rtanCe ° f P^ipitation is Lcommg 
more fully recognized. Initiation of the process may occur by a spin3 
process or by discrete particle nuc.eation (Chapter 8) when a driving ore 
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for phase separation occurs (Chapter 7); growth rates are limited by atom 
mobility (Chapter 6). 

For nucleation in solids, strain energy resulting from differences m 
volume between precipitate and matrix must be included in evaluating the 
free-energy change on forming a nucleus. In these cases, Eq. 8.19 is 
replaced by 

AG, *>4vr 2 y +|irr , (AG. + AG.) (9.87) 

where the strain energy per unit volume is given by AG. = be 1 , e is the 
strain, and b is a constant which depends on the shape of the nucleus and 
can be calculated from elasticity theory. The presence of AG. in the 
expression for AG, results in a free energy on forming the critical nucleus, 
AG*, which corresponds to a definite crystallographic relation of the a 
and p structures and the boundary between them when both are 
crystalline phases. Inclusion of AG. can affect greatly the morphology of 
stable nuclei and increase the tendency for nucleation at heterogeneous 
sites. The strain energy typically causes the formation of parallel platelets 
when a decomposition (precipitation) reaction occurs. The configuration 
of precipitates as parallel platelets allows growth to take place with the 
minimum increase in strain energy. In general, the formation of thick or 
spherical particles produces large values of strain; since the strain energy 
is proportional to e\ precipitates with a platelike habit are preferred when 
the volume change on precipitation is appreciable, as is often the case. 
Strain energy also effects spinodal decomposition by increasing the 
energy of the inhomogeneous solution and depressing the temperature at 
which phase separation occurs and by causing separation to occur as 
lamellae in preferred crystallographic directions. 

The energy for nucleation of a new phase depends on the interface 
structure and orientation, as discussed in Chapter 5. We can define two 
general kinds of precipitate. In a coherent precipitate, as in Fig. 9.36, 
planes of atoms are continuous across the interface so that only the 
second coordination of individual atoms is changed, similar to a twin 
boundary. In contrast, a noncoherent precipitate is one in which the 
planes of atoms, or some of them, are discontinuous across the interface, 
giving rise to dislocations or a random structure in the boundary layer, as 
described in Chapter 5. The interface energy of a coherent boundary is an 
order of magnitude less than that of an incoherent boundary, so that 
formation of new phases with- definite structural relationships to the 
mother matrix is strongly preferred. In addition, the oxygen ions are 
commonly the more slowly moving in oxide structures, so that a transfor- 
mation in which these ions must migrate to new positions is bound to be 
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Fig. 9.36. (a) Coherent precipitate with continuous planes of atoms across the interface; {b) 
noncoherent precipitate with discontinuous planes of atoms across the interface. 

relatively slow. Therefore, coherency of the oxygen ion lattice is favor- 
able both for the driving force of nucleation and for the rate of nucleation 
and crystal growth. 

Precipitation Kinetics. The kinetics of precipitation in a crystalline 
solid depend on both the rate of initiation or nucleation of the process and 
the rate of crystal growth, as discussed in Chapter 8. When the precipita- 
tion process consists of a combination of nucleation and growth, the 
sigmoidal curve characteristic of the Johnson-Mehl or Arrami relations 
(Chapter 8) results in an apparent incubation time period, as illustrated in 
Fig. 9.37. For precipitation processes far from an equilibrium phase 
boundary, which is the most usual case, both the nucleation rate and the 
growth rate increase with temperature, as illustrated in Fig. 9.38 such that 
the incubation time is decreased and the transformation time for forma- 
tion of the new phase is decreased at higher temperatures, such as occurs 
for the process illustrated in Fig. 9.37. In many cases, however, the 
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Fig 9 37 Effect of temperature on the decomposition of solid solutions of 80 mole % 
aOr-20 mole % MgO. Solid solutions prepared at 1520»C for 1 hr and then decomposed at A, 
iSc; B V075X; C, 1 1WC; D, 1250°C; E. 1350TC; F. 1375TJ. From V. S. Stub.can and D. J. 
Viechnicki, J. Appt. Phys., 37, 2751 (1966). 
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nucleation process occurs rapidly during cooling, such that a large 
number of nuclei are available for growth. This is particularly the case in 
which heterogeneous nucleation sites are available in a not very perfect 
matrix crystal or in which the interface energy term is low for a coherent 
precipitate. When this occurs the overall precipitation process, as meas- 
ured by the fraction of material transformed, corresponds to growth of 
existing nuclei and no incubation period is observed, as illustrated for 
precipitation of MgAl,0< spinel from MgO in Fig. 9.39. For prestation 
of magnesium ferrite, MgFe,0„ from MgO, application of super- 
paramagnetic measurements capable of identifying newly formed crystals 
having an average diameter of about 15 A has shown no .nd.cat.on of an 
incubation period; that is, the critical nucleus size is ; veryvery small in 
accordance with a low energy for the coherent interface. . 

Precipitate Orientation. The influence of strain energy and coherent 
interfaces leads to a high degree of precipitate °^^^ y f 
precipitation processes. These relationships are P art.cularly strong for the 
many oxide structures based on close-packed arrangements of oxygen 
ions described in Chapter 2. In the case of magnesium alum.nate sp.nel 
containing excess aluminum oxide in solid solution the influence o sUam 
energy and coherency relationships leads to precp.tat.on of a metastable 

♦G. P. Wirtz and M. E. Fine, J. Am. Ceram. Soc, 51, 402 (1968). 
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intermediate with a structure similar to spinel as the first precipitation 
product* which is more easily nucleated than the stable equilibrium 
product, a-alumina. In fact, as shown in Fig. 9.40, two different types of 
metastable precipitates initially form, plus a smaller amount of a- 
alumina. After long annealing at 850°C the a-alumina particles grow at the 
expense of the metastable intermediate precipitates. 

Synthetic star sapphires are produced by precipitating an alumina-rich 
titaniferous precipitate from single crystals of sapphire containing 0.1 to 
0 3% Ti0 2 . When viewed in the direction of the c-axis stellate opales- 
cence causes the reflected light to form a well-defined six-ray star. Aging 
times for precipitation range from approximately 72 hr at 1 100 o C to 2 hr at 
1500°C. The lath-shaped precipitates formed are illustrated in Fig. 9.41. 
As for precipitation from spinel, the precipitate particle formed is not the 
equilibrium phase (AUTiOs) but a metastable product. 

Strong orientation effects are also observed in systems which are 
believed to exhibit spinodal decomposition, shown in Fig. 9.42, for the 
SnOi-TiO* system in which a lamellar microstructure is formed after a 
5-min anneal at 1000°C. The electron diffraction pattern at the lower 
corner of Fig. 9.42 shows streaking of the diffraction spots perpendicular 
to the 001 direction, which is to be expected for the periodic structure 
formed by spinodal decomposition. Other crystalline systems such as 
AUOj-CnOj and CoFe 2 O^Co 3 04 are also believed to phase separate in 
this manner. A similar structure, Fig. 9.43, is found for precipitation of the 
spinel phase from an FeO-MnO solid solution at low temperature. The 
large metal deficit in this highly nonstoichiometric system (discussed in 
Chapter 4) is believed to result in defect association on cooling; defect 
agglomerates may serve as nucleation sites for the precipitation reaction 
forming the spinel phase. Because of the high defect concentration and 
the resulting high diffusivity of the cations, precipitation processes occur 
in this and related systems at quite low temperatures, in this case about 
300°C. On cooling a sample, it is not possible to prevent the formation of 
defect clusters, even with the most rapid quench. 

When growth is rapid or occurs at low temperatures with a composition 
change, the rate of flow of heat or material limits the growth rate and fixes 
the morphology. Under these conditions the rate at which heat is 
dissipated or material added to a growing precipitate is proportional to the 
inverse radius of curvature of the growing tip of the crystal. As a result, 
dendritic forms result, with the radius of curvature of the growing tip 
remaining small and side arms developing to form a treelike structure. 



:cimens 
1966). 



* H. Jagodzinski, Z Krist., 109, 388 (1957). and H. Saalfeld, Ber, Deut Keram Ges., 39, 52 
(1962). 
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Depending on the conditions of formation, different structures anse, as 
illustrated for the precipitation of magnesioferrite from magnesia in a 
has c refractory brick (Fig. 9.44). Sometimes a -f^^oT™ 
tion of the precipitate occurs in which the platelets of MgFe.O. form 
along (100) planes in the parent magnesia phase. On precp.taUon dunng 
Tng periods of time at a lower temperature at which d,ffus.on .s probably 
a^ltermining, dendritic precipitates form which strl. £ve oro- 
graphic orientations with the matrix but in which the rate of grow th.s 
Lited, so that starlike crystals result (Fig. 9.45b); finally. ^after long 
periods at the higher temperature levels, there » a tendency for a 
spheroidal precipitate to develop in which the total surface energy ,s a 
minimum and the strain energy may be relieved by plastic flow. 

Heterogeneous Precipitation. It is frequently observed (F.g. 9.45a) 
that precipitation of a new phase occurs primarily along gram boundanes; 
whence extensive precipitation occurs (Fig. 9.45b gram boundanes 
may show precipitates surrounded by an area of matenal wh.ch , ; nearly 
precipitation free. This can result from heterogeneous nucleate a the 
grain boundary, although in the case of prec.p.tation of Fe,0< from 
wUsrtte the microstructure observed at low magnificat.ons results pnmar- 



438 



INTRODUCTION TO CERAMICS 




ly from d,fferences ,n the growth rate adjacent tograin boundaries rather 
than from a nucleate process. In this system the grain boundaries act as 
h gh diffusivuy paths, discussed in Chapter 6, which allow nucle at he 
gra n boundary to grow initially at a faster rate than nuclei in he hulk 
wh,ch tends to denude the area adjacent to the grain b^^^ 
at later stages .n the precipitation process (Fig. 9.45b) there is an area 

Set : xryr which tends to be ~ e f ~ 

system, as for many of those prev.ously described, the precipitate 
particles are coherent with the matrix crystal, and all have the same 
orientation in each grain of wustite. ■ 

bo!inH a SamPle !,l n T hiCh SO,Ubi,Uy iS S,na,, ' direct observation of grain 
these Tes d,S,0Cat ' Ons indicates that second-phase precipitation " 
these sites is very common indeed. Particularly f or many systems 
containing sihcates as minor impurities, coherency L not to be expe ted 
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and grain boundaries, as illustrated in Fig. 9.46 d »locat,ons 

9.6 Nonisothermal Processes 

We have considered diffusional processes th*„ 
mal conditions- however m*™ , y 0Ccur under isot her- 

D = D a e-°' RT 

•See W. D. Kingery. /. Am. Ceram. Soc. 57. I (1974). 
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Fig. 9.45. Precipitate of Fe^O* from wustite{Fe.O) containing (a ) 52.67 and (b) 53.10 atom 
% oxygen (95 x). Courtesy L. Himmel. 
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and we assume the temperature to vary from Ti to T 2 at a linear rate of a, 
the time-dependent diffusion coefficient is 



D = Do exp 



r_o/K_i 

LT,-aTj 



(9.88) 



An approximate diffusion length / may be estimated from the integral; 



aQ 
aQ 



(9.90) 



Let us consider, as an example of the use of Eq. 9.89, A1 2 0 3 impurities in 
MgO. The diffusion of supersaturated aluminum ions from within a grain 
to the grain boundary is essentially that for the defect diffusion (vacancy) 
because of the impurity-vacancy pair which tends to form (see Section 
6.4). From the data of impurity diffusion into MgO a value of 2 to 3 eV (50 
to 75 kcal/mole) seems a reasonable activation energy for vacancy 
diffusion. Assume a sample of MgO annealed at high temperature 
contains 100 ppm Ah0 3 . If the sample is cooled at 0.1°C/sec, the solubility 
limit at 1300°C produces the onset of grain-boundary precipitation. For an 
assumed diffusivity of 10" 8 cm 2 /sec at 1300°C and Q=2eV, Eq. 9.89 
yields a value of 30 microns for the effective diffusion distance. A similar 
calculation for 100 ppm MgO in A1 2 0 3 (T, = 1530°C, Q-3eV, and 
D -5x 10" s cm 2 /sec) yields a segregation thickness of 60 microns. 

There are many other examples of ceramic processes which occur 
during nonisothermal annealing. As porcelain or refractories are proces- 
sed in production kilns, much of the densification and reaction between 
granular components takes place during the heating cycle. We consider 
finally two examples of nonisothermal kinetic processes which are 
described in detail in Section 9.4 and Section 10.3 for isothermal condi- 
tions. 

First, let us consider the nonisothermal decomposition reaction (Eq. 
9.63) in which CaCOj decomposes to CaO and C0 2 . The reaction rate is 
determined by decomposition at the surface and obeys linear kinetics. 
The reaction rate R is equal to the change in weight per unit area of the 
CaC0 3 with time, d{o>la)ldt. Thus Eq. 9.4 can be rewritten 



d(a>/fl) D kT /AS r \ / AH*\ ^ / AH'\ 

= * ~ exp ho exp v~rt) " A exp V KT J 



(9.91) 
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If the temperature of the CaC0 3 is changed at a constant rate, T = at, the 
weight change as a function of temperature is obtained from 



djcola) A ( AH\ 



(9.92) 



The integration of Eq. 9.92, assuming that A is not a strong function of 
temperature, yields the approximate solution 



Ad) 
(Oq 



ART 2 
a AH* 



exp 



( rt) 



(9.93) 



The form of the equation is similar to Eq. 9.89. A plot of the non- 
isothermal decomposition in vacuum of a single crystal of CaC0 3 is 
given in Fig. 9.47. For this reaction and for several other endothermic 
decomposition reactions the activation energy for decomposition is 
identical with the heat of reaction (Eq. 9.63). 

As a final example of nonisothermal kinetic processes consider the 
sintering of glass spheres (discussed in Chapter 10). The shrinkage rate 
d(ALlLp) i. , - , 

-j f , which is a function of the surface tension y, the viscosity 

7] = B e Q/RT , and the particle radius a, can be determined from nonisother- 
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Fig. 9.47. Nonisothermal decomposition of CaC0 3 in vacuum. 
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3 x 10 



Temperature CO 
640 620 




5 x 10 "\°^ 
1.04 



1.06 1.08 1.10 1.12 1.14 1.16 1.18 
1000 /Ti°K) 



Fig. 9.48. Kinetic data for nonisothermal sintering of 0.25-fim glass particles (soda-lime- 
silica). From I. B. Cutler, /. Am. Ceram. Soc, 52, 14 (1969). 



mal sintering from* 



(9.94) 



Kinetic data illustrating Eq. 9.94 are given in Fig. 9.48 for the sintering of 
25-micron soda-lime-silica particles in an atmosphere of oxygen and 
water vapor. 
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P Kofstad Nonstoichiometry, Diffusion, and Electrical Conductivity in 
Bmary Metal Oxides, John Wiley & Sons, New York 1972 

£°Oi<M »" n f d j SS ° 1U,i0n , kinCtiCS SCe A R - C00per ' Jr - B N - Samaddar 
andtsM,^) ,ngCry ' /Am ^ 

York,' f%5 Wab> ReaCti ° ity ° fSOlidS ' E,SeViCr Pub,ishi "8 Company, New 

iJi-r ' Fi ™:' n !: oduc < i ° n 10 Ph <™ Transformations in Condensed Systems 
McGraw-Hill, New York, 1964; Bull. Am. Ceram. Soc, 51, 510 (1972). 



Problems 



9.1. Rates of solution can be controlled by( a ) diffusion in the liquid, (fc)diffusion through 
a react™ layer, or (c) phase-boundary reaction. How would you distinguish these" 

9.2. While measuring the rate of decomposition of alumina monohydrate, a student finds 
he w CIgh loss to increase linearly with time up to about 50% reacted during a„ 

isothermal experiment. Beyond 50%, the rate of the weight loss is less than linear 
The hnear isothermal rate increases exponentially with temperature. An incre se of 
tempera ure from 45. to 493°C increases the rate tenfold. Compute the action 

c e o n Z.ed *^°~ ,,ed reac,ion - a firstorder reacti - • - 

.3. Consider formation of NiCr.O. from spherical particles of NiO and Cr 2 0, when the 
rate ,s controlled by diffusion through the product layer 

(a) Carefully sketch an assumed geometry, and then derive a relation for the rate of 

formation early in the process. 
(*) What governs the particles on which the product layer forms' 

ilc'S? Wt; ? >X>N ' >D ° ,n NiCr2 °" Whfch COntn>,S thC ra,C 0f f °"" a ""°» "I 
.4. Polymorphic transformations in solids result in noncrystalline materials of small size 

luc^h°HoTd^ (C ° a T" Erained) - dePendi " g °" ' hC ^ ° f " UC '^" ™< 
IrlZZ* n 7 8 ra,eS ^ l ° Pr0duce fin <=-^ined and coarse-grained 

products? Draw a time versus size for an individual grain illustrating the growTof a 

5- According to Alper et al. []. Am. Ceram. Soc, 45(6) 263-66(196211 Al n ic 

J£? ° f3 ri %b V W eighta„700«C.7 % ( a! ^Slu^cX^l 

1 500 C. They observed crystallization of spinel crystals from the solid solu ion region 

umtratu" l r *rf agK ? ned the so,id so,u,ion as a «^£tjzz 

tempera ure. The exsolved spinel appeared uniformly without regard to grain 

M tomo^r H~ ^ ^ °" SPCC,fiC P,a " eS - <"> * 'he ntleatio 8 " 
£™ ? 0r , he,er °8 ene ° us Wthin the periclase grains? (fc) Account for 

he Cnl r CfyS, t a ' 0n8 SPCCifiC P,an " ° f Peridase 

<T, • cr y s,all,za, « 0 " temperature for nucleated periclase 

solid so.ut.on contam.ng 5% A. l0 , over the temperature range OX to .850^ 
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mductivity in 

N. Samaddar, 
.17, 249(1964); 

jmpany, New 

"ohn Wiley & 

ised Systems, 
0 (1972). 



9.6. In the previous problem, we described a solid solution of A1 2 0, in MgO. Assuming a 
manufacturer of basic refractories uses MgO contaminated with 5 to 7% A1 2 0 3 , what 
microstructure differences will exist in slow-cooled refractory compared to fast- 
cooled material? Would you predict sintering by self-diffusion (bulk), grain growth, 
and cation diffusion in this material would be different than in pure MgO? Why? 

9.7. Suppose that the formation of mullite from alumina and silica powder is a diffusion- 
controlled process. How would you prove it? If the activation energy is 50 kcal/mole 
and the reaction proceeds to \0% of completion at 1400°C in 1 hr, how far will it go in 
1 hr at 1500°C? in 4 hr at 1500°C? 

9.8. An amorphous Si0 2 film on SiC builds up, limiting further oxidation. The fraction of 
complete oxidation was determined by weight gain measurements and found to obey 
a parabolic oxidation law. For a particular-particle-sized SiC and pure 0 2 the 
following data were obtained. Determine the apparent activation energy in kcal/mole. 
How can it be shown that this is a diffusion-controlled reaction? 
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9.9. 



9.10. 



9.11. 
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The slow step in the precipitation of BaSO« from aqueous solution is the interface 
addition of the individual Ba* + and S0 4 ". Diffusion to the surface is assumed 
sufficiently fast that we may neglect any concentration differences in the solution. 
Assume that the rate of addition is first-order in both Ba** and S0 4 ". 
(a) Derive an expression for the approach to equilibrium in terms of the rate 
constants for the forward and back reaction and the surface area. 
What is the effect of an excess of Ba ++ ? 
Why can you assume the surface area to be constant? 
How would you modify your approach to include a correction for diffusion? 
One-micron spheres of A^Os are surrounded by excess MgO powder in order to 
observe the formation of spinel. Twenty percent of the A1 2 0 3 was reacted to form 
spinel during the first hour of a constant-temperature experiment. How long before all 
the A1 2 0 3 will be reacted? Compute the time for completion on the basis of (a) no 
spherical geometry correction and {b) the Jander equation for correction of spherical 
geometry. 

In fired chrome ore refractories, an R 2 0 3 phase precipitates as platelets in the spinel 
phase matrix. Write the chemical equation for this reaction, and explain why it 
occurs. The precipitate is oriented so that the basal plane in the R 2 0, phase is parallel 
to the (111) plane in the spinel. Explain why this should occur in terms of crystal 
structure. 




Grain Growth, 
Sintering, 
and 

Vitrification 



We have previously discussed phase changes, polymorphic transforma- 
tions, and other processes independent of, or subsequent to, the fabrica- 
tion of ceramic bodies. Phenomena that are of great importance are the 
processes taking place during heat treatment before use; these are the 
subject of this chapter. 

During the usual processing of ceramics, crystalline or noncrystalline 
powders are compacted and then fired at a temperature sufficient to 
develop useful properties. During the firing process changes may occur 
initially because of decomposition or phase transformations in some of 
the phases present. On further heating of the fine-grained, porous 
compact, three major changes commonly occur. There is an increase in 
gram size; there is a change in pore shape; there is change in pore size and 
number usually to give a decreased porosity. In many ceramics there may 
be solid-state reactions forming new phases, polymorphic transforma- 
tions, decompositions of crystalline compounds to form new phases or 
gases, and a variety of other changes which are frequently of great 
importance in particular cases but are not essential to the main stream of 
events. 

We shall be mainly concerned with developing an understanding of the 
major processes taking place. There are so many things which can 
happen, and so many variables that are occasionally important, that no 
mere cataloging of phenomena can provide a sound basis for further 
study. In general, we shall be concerned first with recrystallization and 
grain-growth phenomena, second with the densification of single-phase 
systems, and finally with more complex multiphase processes. There are 
many important practical applications for each of these cases 
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10 1 Recrystallization and Grain Growth 

The terms recrystallization and grain growth have had a very broad and 
• Tfin te usage in much of the ceramic literature; they have sometimes 
^nTJXZZ phase changes, sintering, precipitation exso ution 
S pLomenawhich produce changes in the " e _ 
Le mainly concerned with three quite distinct processes. Pnmary recys 

ESiSt^h is the process by which the average 
plastically J lorm , strainfree material increases continu- 

ously during iSSH without change in the grain-size distr^o. 
Secondary recrystallization, sometimes called abnormal or discontmuous 
™Tn growth, is\he process by which a few large grams are nucleated and 
Sow S the expense of a fine-grained, but essentially strain-free, matrix^ 
8 AUhougi ^11 these processes occur in ceramic materials, grain growth and 
fecondarv recrystallization are the ones of major interest 
7^Z *Z«^on. This process has as its dnvmg force 
increased energy of a matrix which has been plasticaU yj£°™f™' 
enerev stored in the deformed matrix is of the order of 0.5 to 1 cal/g. 
Although Titos is small compared with the heat of fusion for example 
fwhichls a 10M or more times this value), it provides a sufficient energy 
change to effTt g^ain-boundary movement and changes in grain ) size. 

If the isothermal change in grain size of strainfree crystals in a 
a 7 a ZtZ is measured after an initial induction penod, there is a 
"r"^™^ fo, the new sUainfree — • « - — 
size is d, 

d^mt-u) < 101 > 

where U is the growth rate (cm/sec), t is the time, and r. is the induction 
where u i in J reC rystallization of a sodium 

cTrrte crys iTh^ha'd been^eformed at 400°C and then annealed at 
470°C T?e induction period corresponds to the time required for a 
nuclei process, so that the overall rate 18 «*~ 

m im.H hv the oroduct of a nucleation rate and a growth rate. 

™e 1 SioCcess is similar to those discussed ir, ChapU, 8 £o. a 
„u*ls ,0 b. stable, Us size «s. be lar 6 e, than some uca, d,ameU . 

increases to some constant rate after an initial induction period. In 
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' \ RTJ (10.2) 

.he stoned ma .rix M d ^iTc^^^'"''^'^ 
preseiH „h e „ , hey flna] , ^to™ 1 „ ' "f mmb « " grains 
r-r*" ** •* ""^Tff jSS^ The a, omislic ^ 
boundary to ,h e olher and is sinli ,i Z d f^L T"" ' r ° m °" e silte <* • 

V /?r/ (io.3) 

ne growth-rate-temperature curve for 

*Z.Phys., 96 y 279 (1935). 
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recrystallization of sodium chloride has a knee similar to that observed 
for diffusion and conductivity data, as discussed in Chapter 6. 

Since both the nucleation rate and the growth rate are strongly 
temperature-dependent, the overall rate of recrystallization changes 
rapidly with temperature. For a fixed holding time, experiments at 
different temperatures tend to a show either little or nearly complete 
recrystallization. Consequently, it is common to plot data as the amount 
of cold work or the final grain size as a function of the recrystallization 
temperature. Since the final grain size is limited by impingement of the 
grains on one another, it is determined by the relative rates of nucleation 
and growth. As the temperature is raised, the final grain size is larger, 
since the growth rate increases more rapidly than the rate of nucleation. 
However, at higher temperatures recrystallization is completed more 
rapidly, so that the larger grain size observed in constant-time experi- 
ments (Fig. 10.2) may be partly due to the greater time available for grain 
growth following recrystallization. The growth rate increases with in- 
creasing amounts of plastic deformation (increased driving force), 
whereas the final grain size decreases with increasing deformation. 

In general, it is observed that (1) some minimum deformation is 
required for recrystallization, (2) with a small degree of deformation a 
higher temperature is required for recrystallization to occur, (3) an 
increased annealing time lowers the temperature of recrystallization, and 




500 600 700 800 



900 1000 1100 1200 1300 1400 
Temperature (°C) 



Fig. 10.2. Effect of annealing temperature on grain size of CaF 2 following compression at 
80,000 psi and 10 hr at temperature. From M. J. Buerger, Am, Mineral., 32, 296 (1947). 
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Fig. 10.3. (a) Structure of boundary and (fc) energy change for atom jump. 



in the forward direction is given by 

, _ RT (_ &G\ 
fAB ~Nh exp \ RT) 

and the frequency of reverse jumps is given by 

RT I AG* + AG\ 
/B A = ^exp( j^r-J 

so that the net growth process, U = A/, where A is the distance of each 
jump is given by 



(10.5) 



(10.6) 



1/ = A/ = A(/ab-/ba) 



(-£)(' -*Sf) <""> 

and since l-exp|§U|f, where *G = yv(y + y^ and AG' = 
AH'-TAS', 

which is equivalent in form to Eq. 10.3 given previously. That is, the rate 
of growth increases exponentially with temperature. The unit step in- 
volved is the jump of an atom across the boundary, so that the activation 
energy should correspond approximately to the activation energy for 
boundary diffusion. 
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Fig. 10.5. Polycrystalline CaF 2 illustrat- 
ing normal grain growth. Average angle at 
grain junctures is 120°. 
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usually falling between 0.1 and 0.5. This may occur for several reasons, 
one being that do is not a large amount smaller than d ; another common 
reason is that inclusions or solute segregation or sample size inhibits grain 
growth. 

A somewhat different approach is to define a grain-boundary mobility 
Bi such that the boundary velocity v is proportional to the applied driving 
force F; resulting from boundary curvature: 



v = B,Fi 



(10.11a) 
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Fig. 10.6. Log grain diameter versus log time for grain growth in pure er-brass. From J. E. 
Burke. 
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For the atomic- jump mechanism illustrated in Fig. 10.3, the boundary 
mobility is given by the atomic mobility divided by the number of atoms 
involved, n«: 

where D b is the grain-boundary diffusion coefficient, fl is the atomic 
volume, S is the boundary area, and w is the boundary width. Since the 
average boundary velocity is equal to v and the driving force is inversely 
proportional to grain size, a grain-growth law of the form of Eqs. 10.9 and 
10.10 results. However, as discussed in Chapter 5, the actual structure of 
a ceramic grain boundary is not quite so simple as pictured in deriving 
Eqs. 10.8 and 10.116. Even for a completely pure material there is a 
space-charge atmosphere of lattice defects associated with the boundary 
and usually solute segregation as well, as shown in Figs. 5.11, 5.12, 5.17, 
and 5.18. The effect of this lattice defect and impurity atmosphere is to 
sharply reduce the grain-boundary velocity at low driving forces, as 
shown in Fig. 10.7 and analysed by J. Cahn* and K. Liicke and h! D. 
Stuwe.t The influence of this atmosphere becomes stronger as the grain 
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1 2 3 4 . 

Force (10 4 dyne/cm 2 ) 

Fig. 10.7. Variation of boundary velocity v with driving force F at 750°C for a 20° tilt 
boundary in NaCl. From R. C. Sun and C. L. Bauer, Acta Met., 18, 639 (1970). 

size increases, the solute segregate concentration increases, and the 
average boundary curvature decreases. Additions of MgO to A1 2 0>, CaCl 2 

*Acta Met., 10, 789 (1962). 
lActa Met., 19, 1087 (1971). 
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to KC1 and of TI1O2 to Y 2 0 3 in amounts below the solubility limit have 
proved effective as grain-growth inhibitors. 

When grains grow to such a size that they are nearly equal to the 
specimen size, grain growth is stopped. In a rod sample, for example, 
when the grain size is equal to the rod diameter, the grain boundaries tend 
to form flat surfaces normal to the axis so that the driving force for 
boundary migration is eliminated and little subsequent grain growth 
occurs. Similarly, inclusions increase the energy necessary for the 
movement of a grain boundary and inhibit grain growth. If we consider a 
boundary such as the one illustrated in Fig. 10.8, the boundary energy is 
decreased when it reaches an inclusion proportional to the cross-sectional 
area of the inclusion. The boundary energy must be increased again to 
pull it away from the inclusion. Consequently, when a number of 
inclusions are present on a grain boundary, its normal curvature becomes 
insufficient for continued grain growth after some limiting size is reached. 
It has been found that this size is given by 



where d t is the limiting grain size, d, is the particle size of the inclusion, 
and f di is the volume fraction of inclusions. Although this relationship is 
only approximate, it indicates that the effectiveness of inclusions in- 
creases as their particle size is lowered and the volume fraction increases. 

For the process illustrated in Fig. 10.8, the boundary approaches, is 
attached to, and subsequently breaks away from a second-phase particle. 
Another possibility is that the grain boundary drags along the particle 
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Fig. 10.8. Changing configuration of a boundary while 
passing an inclusion. 
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wh ch remams attached to the boundary as it moves. This requires 
material transport across the particle, which may occur by interface o 
surface or volume diffusion, by viscous flow, or by solution (precipitation 
•n a liquid or glass inclusion), or by evaporation (condensation in a gas 
inclusion). We can define an inclusion particle mobility B, relating Z 
driving force and particle velocity v„ = B„F P in the same way as has been 
done for the boundary (Eq. ,0.1 1*) and for atomic diffusion in Chapter 6 

IntL, in ? S1 ° n ,S dra f Cd by thC b ° Undary ' their vel °cities are 
identical, in the case ,n wh.ch B,<B b we can neglect the intrinsic 
boundary mobl]lty , and the Iting grain . boundary ™ 

mLl r d T" 8 . ° n b ° Undary t0gether With the m <>bility and 

number of inclusions per grain boundary, p: 



v b 



BpFb 
P 



(10.13) 

The inclusion particle moves along with the boundary, gradually becom- 

^ZT^ 31 b T d3ry interSCCtions ^ agglomerating into a ™ 
particles as gram growth proceeds. This is illustrated for the special case 
of pore agglomeration in Figs. 10.9 and 10 10 

Thus, second-phase inclusions can either (1) move along with boun- 
daries, offering httle impedance; (2) move along with boundaries, with "he 
mclu ,on mobility controlling the boundary velocity; or (3) be so im 
mobile that the boundary pulls away from the inclusion depending on he 
relative values of the boundary driving force (inverse y proposal to 

L a hTr e) ' ? C b0 " ndary m ° bility (F,E - ,(K7 >' and the '"elusion part c e 
mobility, wh,ch, depending on the assumed mechanism and par £ e 
shape may be proportional to r P '\ r~\ or r - • As grain growth proceed 
the driving force d.mmishes, and any inclusions dragged along by the 
boundary increase in size so that their mobility decreases. As a result *e 
exact way ,n which second-phase inclusions inhibit grain growtn no on* 
depends on the properties of the particular system but also can easi v 
change durmg the grain-growth process. Sorting out these effects requT s 
a car efu evaluation of the microstructure evolution in combination w th 
he kmetics of grain growth and a detailed knowledge of system proper 
ties. Inhibit.on of grain growth by solid second-phase inclusions has been 
oters^ems" 180 addit, ° nS * ^ C ^ons to Thot ^ m 
A second phase that is always present during ceramic sintering and in 
almost all ceramic products prepared by sintering is residual porosity 
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Fig. 10.9. {a) Pore shape distorted from spherical by moving boundary and (b) pore 
agglomeration during grain growth. 



remaining from the interparticle space present in the initial powder 
compact. This porosity is apparent both on the grain boundaries 
(intergranular) and within the grains (intragranular) in the sintered CaF 2 
sample shown in Fig. 10.5. It is present almost entirely at the grain corners 
(intergranular) in the sintered U0 2 samples shown in Fig. 10.10. As with 
particulate inclusions, pores on the grain boundaries may be left behind 
by the moving boundary or migrate with the boundary, gradually ag- 
glomerating at grain corners, as illustrated in Figs. 10.9 and 10.10. In the 
early stages of sintering, when the boundary curvature and the driving 
force for boundary migration are high, pores are often left behind, and a 
cluster of small pores in ;the center of a grain is a commonly observed 
result (see Fig. 10.5). In the later stages of smtering, when the grain size is 
larger and the driving force for boundary migration is lower, it is more 
usual for pores to be dragged along by the boundary, slowing grain 
growth. 



t 



460 INTRODUCTION TO CERAMICS 




Fig. 10.10. Grain growth and pore growth in sample of U0 2 after {a) 2 min, 91.5% dense, 
and (b) 5 hr, 91.9% dense, at 1600°C (400x). From Francois and Kingery. 



Another factor that may restrain grain growth is the presence of a liquid 
phase. If a small amount of a boundary liquid is formed, it tends to slow 
grain growth, since the driving force is reduced and the diffusion path is 
increased. There are now two solid-liquid interfaces, and the driving force 
is the difference between them, that is, (1/r, + l/r ? ) A - (1/r, + l/r 2 ) B , which 
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is smaller than either alone; in addition, if the liquid wets the boundary, 
the interface energy must be lower than the pure-grain-boundary energy. 
Also, the process of solution, diffusion through a liquid film, and 
precipitation is usually slower than the jump across a boundary. How- 
ever, this case is more complex in that grain growth may be enhanced by 
the presence of a reactive liquid phase during the densification process, as 
discussed in Section 10.4. In addition, a very small amount of liquid may 
enhance secondary recrystallization, as discussed later, whereas larger 
amounts of liquid phase may give rise to the grain-growth process 
described in Chapter 9. In practice, it is found that addition of a moderate 
amount of silicate liquid phase to aluminum oxide prevents the extensive 
grain growth which frequently occurs with purer materials. 

Secondary Recrystallization. The process of secondary recrystalliza- 
tion, sometimes called discontinuous or exaggerated grain growth, occurs 
when some small fraction of the grains grow to a large size, consuming the 
uniform-grain-size matrix. Once a single grain grows to such a size that it 
has many more sides than the neighboring grains (such as the grain with 
fifty sides illustrated in Fig. 10.4), the curvature of each side increases, 
and it grows more rapidly than the smaller grains with fewer sides. The 
increased curvature on the edge of a large grain is particularly evident in 
Fig. 10.11, which shows a large alumina crystal growing at the expense of 
a uniform-particle-size matrix. 

Secondary crystallization is particularly likely to occur when continu- 
ous grain growth is inhibited by the presence of impurities or pores. 
Under these conditions the only boundaries able to move are those with a 
curvature much larger than the average; that is, the exaggerated grains 
with highly curved boundaries are able to grow, whereas the matrix 
material remains uniform in grain size. The rate of growth of the large 
grains is initially dependent on the number of sides. However, after 
growth has reached the point at which the exaggerated grain diameter is 
much larger than the matrix diameter, d s > d m , the curvature is deter- 
mined by the matrix grain size and is proportional to \ld m . That is, there is 
an induction period corresponding to the increased growth rate and the 
formation of a grain large enough to grow at the expense of the constant- 
grain-size matrix. Therefore, the growth rate is constant as long as the 
grain size of the matrix remains unchanged. Consequently, the kinetics of 
secondary recrystallization is similar to that of primary recrystallization, 
even though the nature of the nucleation and driving force is different. 

Secondary recrystallization is common for oxide, titanate, and ferrite 
ceramics in which grain growth is frequently inhibited by minor amounts 
of second phases or by porosity during the sintering process. A typical 
resultant structure is illustrated for barium titanate in Fig. 10.12, and the 
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progressive growth of aluminum oxide crystals during secondary recrys- 
tallization is illustrated in Fig. 10.13. 

When polycrystalline bodies are made from fine powder, the extent of 
secondary recrystallization depends on the particle size of the starting 
material. Coarse starting material gives a much smaller relative grain 
growth, as illustrated in Fig. 10.14 for beryllia. This is caused by both the 
rate of nucleation and the rate of growth. There are almost always present 
in the fine-grained matrix a few particles of substantially larger particle 
size than the average; these can act as embryos for secondary recrystalli- 
zation, since already d 8 > d m , and growth proceeds to a rate proportional 
to l/d m . In contrast, as the starting particle size increases, the chances of 
grains being present which are much larger in particle size than the 
average are much decreased, and consequently the nucleation of secon- 
dary recrystallization is much more difficult; the growth rate, proportional 
to l/d m , is also smaller. In the data shown in Fig. 10.14, material having a 
starting particle size of 2 microns grows to a final particle size of about 50 
microns, whereas material with an initial particle size of 10 microns shows 
a final grain size of only about 25 microns. This result of a much larger 
final grain size for a smaller initial particle size would be very puzzling if 
the process of secondary recrystallization was not known to occur. 

Secondary recrystallization has been observed to occur with the 
boundaries of the large grains apparently perfectly straight (Fig. 10.15). 
Here the previous discussion of the surface tension and curvature of the 
phase boundary does not apply directly. That is, the boundary energy is 
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Fig. 10. 14. Relative grain growth during 
secondary recrystallization of BeO 
heated 2ihr at 2000°C. From P. Duwez, 
F. Odell, and J. L. Taylor, J. Am. Ceram. 
Soc, 32, 1 (1949). 
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not independent of crystal directions, and the growth planes are those of 
low surface energy. These structures all seem to occur in systems having 
a small concentration of impurity which gives rise to a small amount of a 
boundary phase. The driving force for secondary recrystallization is the 
lower surface energy of the large grain compared with the high- surface- 
energy faces or small radius of curvature of adjacent grains. Transfer of 
material under these conditions can only occur when there is an inter- 
mediate boundary phase separating the surfaces of the small and large 
grains. The amount of second phase present tends to increase at the 
boundaries of the large crystals compared with that at other boundaries in 
the system, and a large grain continues to grow once it is initiated. If the 
amount of boundary phase is increased, however, normal grain growth 
and this kind of secondary recrystallization are both inhibited, as discus- 
sed previously. 

Secondary recrystallization affects both the sintering of ceramics and 
resultant properties. Excessive grain growth is frequently harmful to 
mechanical properties (see Sections 5.5 and 15.5). For some electrical and 
magnetic properties either a large or a small grain size may contribute to 
improved properties. Occasionally grain growth has been discussed in the 
literature as if it were an integral part of the densification process. That 
this is not true can best be seen from Fig. 10.16. A sample of aluminum 
oxide with an initial fine pore distribution was heated to a high tempera- 
ture so that secondary recrystallization occurred. The recrystallization 
has left almost the same amount of porosity as was present in the initial 



Fig. 10.15. (a) Isomorphic grains in a polycrystalline spinel. The large grain edges appear 
straight, whereas the shape of the small grains is controlled by surface tension (350x). 
Courtesy R. L. Coble. 
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Fig. 10.15 (Continued), (b) Isomorphic grains of a-6H SiC in a 0-SiC matrix (lOOOx). 



compact. Elimination of porosity is a related but separate subject and is 
considered in following sections. An application in which secondary 
recrystallization has been useful is in the development of preferred 
orientation on firing of the magnetically hard ferrite, BaFe, 2 O iy .* For this 

*A. L. Stuijts, Trans. Brit. Ceram. Sac, 55, 57 (1956). 
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Fig. 10.15 (Continued), (c) Detail of boundary (75,OOOx). Courtesy S. Prochazka. 



magnetic material it is desirable to obtain a high density as well as a high 
degree of preferred orientation in the sintered product. Particles of the 
powdered material can be oriented to a considerable extent by subjecting 
them to a high magnetic field while forming. On sintering there was a 57% 
alignment after heating at 1250°C. On further heating at 1340°C the 
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Fig. 10.16. A specimen of alumina (a) sintered I hrat 1800°C and (b) heated 1 hrat 1900°C 
E. Ee Y reCrySta,li2ati0n - N0te that «« pacing has no! changed Court^ 

preferred orientation increased to 93% alignment, corresponding to the 
structural change brought about by secondary recrystallization. It seems 
apparent that the few large grains in the starting material are more 
uniformly aligned than the fine surrounding material. These grains serve 
as nuclei for the secondary recrystallization process and give rise to a 
highly oriented final product. 
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10.2 Solid-State Sintering 

Changes that occur during the firing process are related to (1) changes 
in grain size and shape, (2) changes in pore shape, and (3) changes in pore 
size. In Section 10.1 we concentrated on changes in grain size; in this and 
the following section we are mainly concerned with changes in porosity, 
that is, the changes taking place during the transformation of an originally 
porous compact to a strong, dense ceramic. As formed, a powder 
compact, before it has been fired, is composed of individual grains 
separated by between 25 and 60 vol% porosity, depending on the 
particular material used and the processing method. For maximizing 
properties such as strength, translucency, and thermal conductivity, it is 
desirable to eliminate as much of this porosity as possible. For some other 
applications it may be desirable to increase this strength without decreas- 
ing the gas permeability. These results are obtained during firing by the 
transfer of material from one part of the structure to the other. The kind 
of changes that may occur are illustrated in Fig. 10.17. The pores initially 
present can change shape, becoming channels or isolated spheres, without 
necessarily changing in size. More commonly, however, both the size and 
shape of the pores present change during the firing process, the pores 
becoming more spherical in shape and smaller in size as firing continues. 

Driving Force for Densification. The free-energy change that gives rise 
to densification is the decrease in surface area and lowering of the surface 
free energy by the elimination of solid-vapor interfaces. This usually 
takes place with the coincidental formation of new but lower-energy 
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Fig. 10.18. Initial stages of sintering by evaporization-condensation. 



lens between the spheres with the increase in its volume. The vapor 
pressure over the small negative radius of curvature is decreased because 
of the surface energy in accordance with the Thomson-Freundlich 
(Kelvin) equation discussed in Chapter 5: 

ln^ = -^(-U±) > (10.14) 

p 0 dRT\p xj 

where pi is the vapor pressure over the small radius of curvature, M is the 
molecular weight of the vapor, and d is the density. In this case the neck 
radius is much larger than the radius of curvature at the surface, p, and the 
pressure difference p 0 -pi is small. Consequently, to a good approxima- 
tion, lnpi/po equals Ap/p 0 , and we can write 

where Ap is the difference between the vapor pressure of the small 
negative radius of curvature and the saturated vapor in equilibrium with 
the nearly flat particle surfaces. The rate of condensation is proportional 
to the difference in equilibrium and atmospheric vapor pressure and is 
given by the Langmuir equation to a good approximation as 

m = a Ap(^j) ,/2 g/cm 2 /sec (10.16) 

where a is an accommodation coefficient which is nearly unity. Then the 
rate of condensation should be equal to the volume increase. That is, 

^ = $ cmVsec (10.17) 
a at 

From the geometry of the two spheres in contact, the radius of curvature 
at the contact points is approximately equal to x fir for x/r less than 0.3; 
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the area of the surface of the lens between spheres is approximately equal 
to ir 2 x 3 /r; the volume contained in the lenticular area is approximately 
TTX 4 l2n That is, 



2r' 



A = 



V = 



7TX 

2r 



(10.18) 



Substituting values for m in Eq. 10.16, A and t> in Eq. 10.18 into Eq. 10.17 
and integrating, we obtain a relationship for the rate of growth of the bond 
area between particles: 



r W2R m T* n d 2 ' 



r -2/3 j 1/3 



(10.19) 



This equation gives the relationship between the diameter of the contact 
area between particles and the variables influencing its rate of growth. 

The important factor from the point of view of strength and other 
material properties is the bond area in relation to the individual particle 
size, which gives the fraction of the projected particle area which is 
bonded together— the main factor in fixing strength, conductivity, and 
related properties. As seen from Eq. 10.19, the rate at which the area 
between particles forms varies as the two-thirds power of time. Plotted on 
a linear scale, this decreasing rate curve has led to characterizations of 
end point conditions corresponding to a certain sintering time. This 
concept of an end point is useful, since periods of time for sintering are 
not widely changed; however, the same rate law is observed for the entin 
process (Fig. 10.19b). 
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Fig. 10.19. (a) Linear and (b) log-log plots of neck growth between spherical particles of 
sodium chloride at 725°C. 
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If we consider the changes in structure that take place during a process 
such as this, it is clear that the distance between centers of spherical 
particles (Fig. 10.18) is not affected by the transfer of material from the 
particle surface to the interparticle neck. This means that the total 
shrinkage of a row of particles, or of a compact of particles, is unaffected 
by vapor-phase-material transfer and that only the shape of pores is 
changed. This changing shape of pores can have an appreciable effect on 
properties but does not affect density. 

The principal variables in addition to time that affect the rate of 
pore-shape change through this process are the initial particle radius (rate 
proportional to 1/r 273 ) and the vapor pressure (rate proportional to p 0 l/3 ). 
Since the vapor pressure increases exponentially with temperature, the 
process of vapor-phase sintering is strongly temperature-dependent. 
From a processing point of view, the two main variables over which 
control can be exercised for any given material are the initial particle size 
and the temperature (which fixes the vapor pressure). Other variables are 
generally not easy to control, nor are they strongly dependent on 
conditions of use. 

The negligible shrinkage corresponding to vapor-phase-material trans- 
fer is perhaps best illustrated in Fig. 10.20, which shows the shape 
changes that occur on heating a row of initially spherical sodium chloride 
particles. After long heating the interface contact area has increased; the 



m. 



Fig. 10.20. Photomicrographs of sintering sodium chloride at 750°C: (a) 1 min; {b) 90 min. 
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particle diameter has been substantially decreased, but the distance 
between particle centers, that is, the shrinkage, has not been affected. 

Vapor-phase-material transfer requires that materials be heated to a 
temperature sufficiently high for the vapor pressure to be appreciable. For 
micron-range particle sizes this requires vapor pressures in the order of 
10~ 4 to 10" 5 atm, a pressure higher than those usually encountered during 
sintering of oxide and similar phases. Vapor-phase transfer plays an 
important part in the changes occurring during treatment of halides such 
as sodium chloride and is important for the changes in configuration 
observed in snow and ice technology. 

Solid-State Processes. The difference in free energy or chemical poten- 
tial between the neck area and the surface of the particle provides a 
driving force which causes the transfer of material by the fastest means 
available. If the vapor pressure is low, material transfer may occur more 
readily by solid-state processes, several of which can be imagined. As 
shown in Fig. 10.21 and Table 10. 1, in addition to vapor transport (process 
3), matter can move from the particle surface, from the particle bulk, or 
from the grain boundary between particles by surface, lattice, or grain- 
boundary diffusion. Which one or more of these processes actually 
contributes significantly to the sintering process in a particular system 
depends on their relative rates, since each is a parallel method of lowering 
the free energy of the system (parallel reaction paths have been discussed 
in Chapter 9). There is a most significant difference between these paths 
for matter transport: the transfer of material from the surface to the neck 
by surface or lattice diffusion, like vapor transport, does not lead to any 
decrease in the distance between particle centers. That is, these processes 
do not result in shrinkage of the compact and a decrease in porosity. Only 



Table 10.1. Alternate Paths for Matter Transport During the Initial Stages of 

Sintering" 



Mechanism 








Number 


Transport Path 


Source of Matter 


Sink of Matter 


1 


Surface diffusion 


Surface 


Neck 


2 


Lattice diffusion 


Surface 


Neck 


3 


Vapor transport 


Surface 


Neck 


4 


Boundary diffusion 


Grain boundary 


Neck 


5 


Lattice diffusion 


Grain boundary 


Neck 


i 6 


Lattice diffusion 


Dislocations 


Neck 



'See Fig. 10.21. 
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Fig. 10.21. Alternate paths for matter transport during the initial stages of sintering. 
Courtesy M. A. Ashby. (See Table 10.1.) 

transfer of matter from the particle volume or from the grain boundary 
between particles causes shrinkage and pore elimination. 

Let us consider mechanism 5, matter transport from the grain boundary 
to the neck by lattice diffusion. Calculation of the kinetics of this process 
is exactly analogous to determination of the rate of sintering by a 
vapor-phase process. The rate at which material is discharged at the 
surface area is equated to the increase in volume of material transferred. 
The geometry is slightly different: 1 



A = 



TfV , 

2r ' 



V = 



4r 



(10.20) 



The process can be visualized most easily by considering the rate of 



476 




INTRODUCTION TO CERAMICS 



migration of vacancies. In the same way that there are differences in 
vapor pressure between the surface of high negative curvature and the 
nearly flat surfaces, there is a difference in vacancy concentration. If c is 
the concentration of vacancies and Ac is the excess concentration over 
the concentration on a plane surface c„, then, equivalent to Eq. 10.15 



Ac =-^jr s 
kTp 



(10.21) 



where a 3 is the atomic volume. of the diffusing vacancy and k is the 
Boltzmann constant. The flux of vacancies diffusing away from the neck 
area per second per centimeter of circumferential length under this 
concentration gradient can be determined graphically and is given by 

J = 4D v Ac (10.22) 
Where D v is the diffusion coefficient for vacancies, D v equals D*la 3 c 0 if 
D* is the self-diffusion coefficient. Combining Eqs. 10.22 and 10.21 with 
the continuity equation similar to Eq. 10.17, we obtain the result 



x_ (40ya 1 D* 
r [ kT 



us 



r -3/5 j 1/5 



(10.23) 

With diffusion, in addition to the increase in contact area between 
particles, there is an approach of particles centers. The rate of this 
approach is given by d{x*llr)\dt. Substituting from Eq. 10.23, we obtain 

AV_3AL_ ,/202£^V /5 -«.«. 
Vo-"L7- 3 l"v!^rj r ' dO-24) 

These results indicate that the growth of bond formation between 
particles increases as a one-fifth power of time (a result which has been 
experimentally observed for a number of metal and ceramic systems) and 
that the shrinkage of a compact densified by this process should be 
proportional to the two-fifths power of time. The decrease in densification 
rate with time gives rise to an apparent end-point density if experiments 
are carried out for similar time periods. However, when plotted on a 
log-log basis, the change in properties is seen to occur as expected from 
Eq. 10.24. Experimental data for sodium fluoride and aluminum oxide are 
shown in Fig. 10.22. 

The relationships derived in Eqs. 10.23 and 10.24 and similar relation- 
ships for the alternate matter transport processes, which we shall not 
derive, are important mainly for the insight that they provide on the 
variables which must be controlled in order to obtain reproducible 
processing and densification. It is seen that the sintering rate steadily' 
decreases with time, so that merely sintering for longer periods to obtain 
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Fig. 10.22. (a) Linear and (b) log-log plots of shrinkage of sodium fluoride and aluminum 
oxide compacts. From J. E. Burke and R. L. Coble. 



improved properties is impracticable. Therefore, time is not a major or 
critical variable for process control. 

Control of particle size is very important, since the sintering rate is 
roughly proportional to the inverse of the particle size. The interface 
diameter achieved after sintering for a period of lOOhr at 1600°C is 
illustrated in Fig. 10.23 as a function of particle size. For large particles 
even these long periods do not cause extensive sintering; as the particle 
size is decreased, the rate of sintering is raised. 



L 
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The other variable appearing in Eqs. 10.22 and 10.24 that is subject to 
analysis and some control is the diffusion coefficient; it is affected by 
composition and by temperature; the relative effectiveness of surfaces 
boundaries, and volume as diffusion paths is affected by the microstruc- 
ture. A number of relationships similar to Eqs. 10.23 and 10.24 have been 
derived, and it has been shown that surface diffusion is most important 
dunng early stages of sintering (these affect the neck diameter between 
particles but not the shrinkage or porosity); grain-boundary diffusion and 
volume diffusion subsequently become more important. In ionic 
ceramics, as discussed in Chapter 9, both the anion and the cation 
diffusion coefficients must be considered. In A1,0 3 , the best studied 
material, oxygen diffuses rapidly along the grain boundaries, and the more 
slowly moving aluminum ion at the boundary or in the bulk controls the 
overall sintering rate. As discussed in Chapter 5, the grain-boundary 
structure, composition, and electrostatic charge are influenced strongly 
by temperature and by impurity solutes; as discussed in Chapter 6 the 
exact mechanism of grain-boundary diffusion remains controversial 
frTT* of *%« ra J"- boundar y-diffusion width from sintering data range 
from 50 to 600 A. These complications require us to be careful not to 
overana lyze data in terms of specific numerical results, since the time or 
temperature dependence of sintering may be in accordance with several 
plausible models. In general the presence of solutes which enhance either 
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boundary or volume diffusion coefficients enhance the rate of solid-state 
Entering. As discussed in Chapter 6, both boundary and volume diffusion 
coefficients are strongly temperature-dependent, which means that the 
sintering rate is strongly dependent on the temperature level. 

In order to effectively control sintering processes which take place by 
solid-state processes, it is essential to maintain close control of the initial 
narticle size and particle-size distribution of the material, the sintering 
Temperature, the composition and frequently the sintering at mosphere. 

As an example of the influence of solutes, Fig. 10.24 illustrates the 
effect of titania additions on the sintering rate of a relatively pure alumina 
in a region of volume diffusion. (Both volume and boundary diffusion 
processes are enhanced.) It is believed that Ti enters A1 2 0, substitution- 
ally as TT 3 and Tf 4 <Ji M and Tu,). At equilibrium 



from which 



3Ti AI + ^0 2 (g) = 3Ti A ,+ VT, + ^Oo 

K,- tW[Po 2 r 



(10.25) 
(10.26) 
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Fig. 10.24. Data for the relative sintering process 
diffusion coefficient with Ti additions to A1 2 0,. 
Da [Ti] 3 . From R. D. Bagley, I. B. Cutler, and D. L. 
Johnson, J. Am. Ceram. Soc, 53, 136 (1970); R. J. 
Brook, /. Am. Ceram. Soc, 55, 114 (1972). 
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In the powders used, divalent impurities such as magnesium exceed in 
concentrations the intrinsic defect levels, so that overall charge neutrality 
at moderate titania levels is achieved by 



rri;j = [Mg; l ] 



(10.27) 



.S d ^ 3t TT£ impUnty and ° Xygen pressurc leve,s ' combining Eqs 
10.26 and 10.27 gives M 

[ VTJ = K 2 [7iai] j ( i o.28) 

fJvSt th rTT l T !* d T i0n < Ti " + Ti "> * much greater than the impurity 
levels [Ti]t 01 ,i « [Ti A i] and [ V?,) ~ KfTif^. The dependence of lattice 
defect concentrations on titania concentration is shown in Fig 10 25 for 
the proposed model. As discussed in Chapter 6, the diffusion coefficient is 
proportional to the vacancy concentration; as a result the effect of this 
model ,s to anticipate an increase in the sintering rate proportional to the 
nSwTu' u t,t3nia concentration ^ experimentally observed (Fig 
Ihnl t 8 \ Concentrations the dependence on titania concentration 
should become less steep, which is suggested by the sintering data 

nrnrZ T di * CUSslon of the varia W« influencing the sintering 
process has been based on the initial stages of the process, in which 
models are based on solid particles in contact. As the process continues 
an intermediate microstructure forms in which the pores and solid are' 
both continuous, followed by a later stage in which isolated pores are 
separated from one another. A number of analytical expressions have 
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been derived from specific microstructural models for the transport 
processes listed in Table 10.1. In the later stages of the process only two 
mechanisms are important: boundary diffusion from sources on the 
boundary and lattice diffusion from sources on the boundary. For a nearly 
spherical pore the flux of material to a pore can be approximated as 



/ = 4ttD v Ac 



(10.29) 



where D v is the volume diffusion coefficient, Ac is the excess vacancy 
concentration (Eq. 10.21), r is the pore radius, and 1* is the effective- 
material-source radius. The importance of microstructure in applying this 
sort of analysis to specific systems is illustrated in Fig. 10.26. For a sample 


















J; 



(a) W 
Fig. 10.26. The mean diffusion distance for material transport is smaller when there are 
more of the same size of pores in a boundary. 



with a larger number of pores, all the same size, on a boundary the mean 
diffusion distance is smaller when there are more pores, and pore 
elimination is accomplished more quickly for the sample with the higher 
porosity. Thus, although the terms which influence the rate of sintering— 
volume or boundary diffusion coefficient (and therefore temperature and 
solute concentration) surface energy and pore size— are well established, 
the geometrical relationship of grain boundaries to the pores may have a 
variety of forms and is critical in determining what actually occurs. 

With fine-grained materials such as oxides, it is usual to observe an 
increase in both grain size and pore size during the early stages of heat 
treatment, as illustrated for Lucalox alumina in Fig. 10.27. This partially 
results from the presence of agglomerates of the fine particles which 
sinter rapidly, leaving interagglomerate pores, and is partly due to the 
rapid grain growth during which pores are agglomerated by moving with 
the boundaries, as illustrated in Fig. 10.9. In cases in which agglomeration 




of fine precipitated particles into clumps is severe, ball milling to break up 
the agglomerates leads to a remarkable increase in the sintering rate. Even 
minor variations in the original particle packing are exaggerated during 
the pore growth process; in addition, spaces between agglomerates and 
occasional larger voids resulting from the bridging of particles or agglom- 
erates are present. As a result, during intermediate stages of the sintering 
process there is a range of pore sizes present, and the slower elimination 
of the larger pores leads to variations in pore concentration in the later 
stages of the sintering process, as illustrated in Fig. 10.28c. 

In addition to local agglomerates and packing differences, pore- 
concentration variations in the later stages of sintering can result from 
particle-size variations in the starting material, from green density varia- 
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(d) 

Fig. 10.28. Pore-concentration variations resulting from (a) a variation in grain sizes, (b) 
die friction, (c) local packing and agglomeration differences, and (d) more rapid pore 
elimination near surfaces. 



tions caused by die-wall friction during pressing, and from the more rapid 
elimination of porosity near surfaces caused by temperature gradients 
during heating, as shown in Fig. 10.28. The importance of local variations 
in pore concentration results from the fact that the part of the sample 
containing pores tends to shrink but is restrained by other porefree parts. 
That is, the effective diffusion distance is no longer from the pore to an 
adjacent grain boundary but a pore-pore or pore-surface distance many 
orders of magnitude larger. An example of residual pore clusters in a 
sintered oxide is shown in Fig. 10.29. 

Not only the kinetics of pore elimination can lead to "stable" and 
residual porosity, but it is also possible in some cases to have a 
thermodynamically metastable equilibrium pore configuration. In Fig. 
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K N W^s ' Transmitted light, 137x. Courtesy C. Greskovich and 



10.26 we have drawn spherical pores located on a grain boundary, the 
usual model description, but we know from our discussion of interface 
energies in Chapter 5 that there is a dihedral angle <f> at the pore-boundary 
intersection determined by the relative interface energies- 



(10.30) 

In most cases the dihedral angle for pure oxides is about 150°, and the 
spherical pore approximation is quite good; but for A1 2 0, + 0.l%MgO the 
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value is 130°, for UO 2 + 30ppm C the value is 88°, and for impure boron 
carbide the value is about 60°. For these materials the consequences of 
nonspherical pores have to be considered. 

As discussed for discontinuous grain growth and illustrated in Figs. 10.4 
and 10.11, the boundary curvature between grains or phases depends both 
on the value of the dihedral angle and on the number of surrounding 
grains. If we take r as the radius of a circumscribed sphere around a 
polyhedral pore surrounded by grains, the ratio of the radius of curvature 
of the pore surfaces p to the spherical radius depends both on the dihedral 
angle and on the number of surrounding grains, as shown in Fig. 10.30a. 
When rip decreases to zero, the interfaces are flat and have no tendency 
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Fig. 10.30 (Continued), {b) Conditions for pore stability. 



for shrinkage; when rip is negative, the pore tends to grow. This is 
illustrated in Fig. 10.30&. For a uniform grain size the space-filling form is 
a tetrakaidecahedron with 14 surrounding grains. From an approximate 
relationship between the number of surrounding grains and the pore- 
diameter to grain-diameter ratio we can derive a relationship for pore 
stability as a function of dihedral angle and the ratio of pore size to grain 
size, as shown in Fig. 10.31. From this figure we can see why large pores 
present in poorly compacted powder such as shown in Fig. 10.32 not only 
remain stable but grow. It is also seen that an enormous disparity between 
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Fig. 10.31. Conditions for pore stability. 
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ore Fig. 10.32. Large voids formed by bridging of agglomerates in fine Al 2 0 3 powder viewed 

P . with scanning electron microscope at 2000x. Courtesy C. Greskovich. 
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jores 

onl y grain size and pore size is not necessary for pore stability. That is, the site 

ween and size of the porosity relative to the grain-boundary network not only 

affects the necessary distance for diffusion but also the driving force for the 

process. 

The interaction of grain boundaries and porosity is, of course, a 
two-way street. When many pores are present during the initial stages of 
sintering, grain growth is inhibited. However, as discussed in Section 10.1, 
once the porosity has decreased to a value such that secondary grain 
growth can occur, extensive grain growth may result at high sintering 
temperatures. When grain growth occurs, many pores become isolated 
from grain boundaries, and the diffusion distance between pores and a 
grain boundary becomes large, and the rate of sintering decreases. This is 
illustrated in Fig. 10.16b, in which extensive secondary recrystalhzation 
has occurred, with the isolation of pores in the interior of grains and a 
reduction .in the densification rate. Similarly, the sample of aluminum 
oxide shown in Fig. 10.33 has been sintered at a high temperature at wruch 
discontinuous grain growth occurred. Porosity is only removed near the 
grain boundaries, which act as the vacancy sink. The importance of 
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controlhng gram growth as an integral part of controlling sinterin* 
Phenomena cannot be overestimated. Consequently, the grain S 
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Fig. 10.34. Polished section of Y,0,+ 10 mole % ThO, sintered to porefree state. 100x. 
Courtesy C. Greskovich and K. N. Woods. 



satisfactory firing the amount and viscosity of the hquid pha e ^ must be 
such that densification occurs in a reasonable time without the ware 
slumping or warping under the force of gravity The relative and absolute 
rates of these twb processes (shrinkage and ^rV? 0 ^^^ 
large extent the temperature and compositions suitable for sat.sfactory 

Process Kinetics. If we consider two particles initially in contact (Fig. 
10.21), there is a negative pressure at the small negative radius of 
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curvature p compared with the surface of the particles. This causes a 
viscous flow of material into the pore region. By an analysis similar to that 
derived for the diffusion process, the rate of initial neck growth is given 
as* 



r \2tjp / 



V 



(10.31) 



The increase in contact diameter is proportional to t in ; the increase in 
area between particles is directly proportional to time. Factors of most 
importance in determining the rate of this process are the surface tension, 
viscosity, and particle size. The shrinkage which takes place is deter- 
mined by the approach between particle centers and is 



V 0 L 0 4-qr 



(10.32) 



That is, the initial rate of shrinkage is directly proportional to the surface 
tension, inversely proportional to the viscosity, and inversely propor- 
tional to the particle size. 

The situation after long periods of time can best be represented as small 
spherical pores in a large body (Fig. 10.35). At the interior of each pore 
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Fig. 10.35. Compact with isolated spherical pores near the end of the sintering process. 



there is a negative pressure equal to 2y/r; this is equivalent to an equal 
positive pressure on the exterior of the compaict tending to consolidate it. 
J. K. Mackenzie and R. Shuttlewortht have derived a relation for the rate 
of shrinkage resulting from the presence of isolated equal-size pores in a 
viscous body. The effect of surface tension is equivalent to a pressure of 
—2y/r inside all pores or, for an incompressible material, to the applica- 

Fig. 10.36. 

*J. Frenkcl, J. Phys (USSR), 9. 385 (1945). material. Fr 

iProc. Phys. Sot: (London). B62. 833 (1949). (t949). 
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tion of a hydrostatic pressure of +2ylr to the compact. The real problem 
is to deduce the properties of the porous material from the porosity and 
viscosity of the dense material. The method of approximation used gives 
an equation of the form 



dt 



(1 



p')V" 3 



(10.33) 



where p' is the relative density (the bulk density divided by the true 
density or the fraction of true density which has been reached) and n is 
the number of pores per unit volume of real material. The number of 
pores depends on the pore size and relative density and is given by 



M 477 3 Pore volume 1-p' 

f\ f = ' — L_ 

3 Solid volume p' 
By combining with Eq. 10.33, 



dt 2r 0 r) 



(10.34) 
(10.35) 

(10.36) 



where r 0 is the initial radius of the particles. 

The general course of the densification process is best represented by a 
plot of relative density versus nondimensional time, illustrated in Fig. 
10.36 following Eq. 10.33. Spherical pores are formed very quickly to 
reach a relative density of about 0.6. From this point until the completion 
of the sintering process about one unit of nondimensional time is 
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Fig. 10.36. Increase in relative density of compact with reduced time for a viscous 
material. From J. K. Mackenzie and R. Shuttleworth, Proc. Phys. Soc. (London), B62 833 
(1949). 
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required. For complete densification 



y 



(10.37) 



Some experimental data for the densification of a viscous body are 
shown m Fy . 10.37. in which the strong effect of temperature thaUs the 

r^The sofd r ateria, V iS i,,US,rated by thC -P'd change in st^ 
rates. The sohd hnes ,n F,g. 10.37 are calculated from Ea. 10 33 tS 
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Fig. 10.37. Densification of a soda-lime-silica glass. 
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s the dependence of the rate of densification on three major variies 
the particle size, viscosity, and surface tension. For silicate J a u£?Xl 
surface tension is „„, changed much by compositio "ZuXnS « 

n ChaXTH^v' 1 " "f " """^ '»» - i,! '..d 



purposes 
typical S( 
over an i: 
factor ov< 
be closely 
discussed 
by changi 
The relati 
viscosity 
under the 
makes it 
stresses d 
due to gr 
supported 
obtaining 
fine-graini 
ment is < 
systems i 
naturally 
vitrificatic 
Silicate 
fact that r 
ture and tl 
the presst 
much liqu 
7.26, whk 
system; tr 
ous porce 
Si0 2 ), 2595 
are in the 
between n 
75Si0 2 , U 
eutectic li 
only a sm; 
and the cc 
as well as 
silica whi< 
compositi< 
high visco 
relative ai 
very fine- 
those of a 



GRAIN GROWTH, SINTERING AND VITRIFICATION 



495 



(10.37) 

»dy are 
: is, the 
ntering 
3. The 



iated 
the 
ition 

0.37 
js — 
the 
are 
ited 
ally 
< of 
and 
be 
of 
rol 



purposes is the viscosity and its rapid change with temperature. For a 
typical soda-lime-silica glass the viscosity changes by a factor of 1000 
over an interval of 100°C; the rate of densification changes by an equal 
factor over the temperature range. This means that the temperature must 
be closely controlled. Viscosity is also much changed by composition, as 
discussed in Chapter 3. The rate of densification, then, can be increased 
by changing the composition to lower the viscosity of the glassy material. 
The relative values of viscosity and particle size are also important; the 
viscosity must not be so low that appreciable deformation takes place 
under the forces of gravity during the time required for densification. This 
makes it necessary for the particle size to be in such a range that the 
stresses due to surface tension are substantially larger than the stresses 
due to gravitational forces. Materials sintered in a fluid state must be 
supported so that deformation does not occur. The best means of 
obtaining densification without excessive deformation is to use very 
fine-grained materials and uniform distribution of materials. This require- 
ment is one of the reasons why successful compositions in silicate 
systems are composed of substantial parts of talc and clays that are 
naturally fine-grained and provide a sufficient driving force for the 
vitrification process. 

Silicate Systems. The importance of the vitrification process lies in the 
fact that most silicate systems form a viscous glass at the firing tempera- 
ture and that a major part of densification results from viscous flow under 
the pressure caused by fine pores. Questions that naturally arise are how 
much liquid is present and what are its properties. Let us consider Fig. 
7.26, which shows an isothermal cut at 1200°C in the K 2 0-Al 2 0 3 -Si0 2 
system; this is the lower range of firing temperatures used for semivitre- 
ous porcelain bodies composed of about 50% kaolin (45% A1 2 0 3 , 55% 
Si0 2 ), 25% potash-feldspar, and 25% silica. This and similar compositions 
are in the primary field of mullite, and at 1200°C there is an equilibrium 
between mullite crystals and a liquid having a composition approximately 
75Si0 2 , 12.5K 2 0, 12.5A1 2 0 3 , not much different in composition from the 
eutectic liquid in the feldspar-silica system (Fig. 7.14). In actual practice 
only a small part of the silica present as flint enters into the liquid phase, 
and the composition of the liquid depends on the fineness of the grinding 
as well as on the overall chemical composition. However, the amount of 
silica which dissolves does not have a large effect on the amount and 
composition of the liquid phase present. The liquid is siliceous and has a 
high viscosity; the major effect of compositional changes is to alter the 
relative amounts of mullite and liquid phases present. Since mullite is 
very fine-grained, the fluid flow properties of the body correspond to 
those of a liquid having a viscosity greater than the pure liquid phase. For 
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some systems the overall flow process corresponds to plastic flow with a 
yield point rather than to true viscous flow. This changes the kinetics of 
the vitrification process by introducing an additional term in Eqs. 10.33 
and 10.36 but does not change the relative effects of different variables 

Although phase diagrams are useful, they do not show all the effects of 
small changes in composition. For example, a kaolinite composition 
should show equilibrium between mullite and tridymite at 1400°C with no 
glassy material. However, it is observed experimentally that even after 
24 hr about 60 vol% of the original starting material is amorphous and 
deforms as a liquid. The addition of a small amount of lithium oxide as 
Li 2 C0 3 has been observed to give a larger content of glass than additions 
of the same composition as the fluoride. Similar small amounts of other 
mmerahzers can also have a profound effect in the firing properties of 
particular compositions. That fine grinding and intimate mixing reduce the 
vitrification temperature follows from the analysis in Eqs. 10.31 to 10 37 
S. C. Sane and R. L. Cook* found that ball milling for 100 hr reduced the 
final porosity of a clay-feldspar-flint composition from 17.1 to 0 3% with 
the same firing conditions. This change is caused in part by increased 
tendencies toward fusion equilibrium and uniform mixing of constituents 
and in part by the smaller initial particle and pore size. In contrast to 
tnaxial (flint-feldspar-clay) porcelains, which frequently do not reach 
fusion equilibrium, many steatite bodies and similar compositions which 
are prepared with fine-particle, intimately mixed material and form a less 
siliceous liquid reach phase equilibrium early in the firing process. 

The time-temperature relationship and the great dependence of vitrifi- 
cation processes on temperature can perhaps be seen best in the experi- 
mental measurements illustrated in Fig. 10.38. As shown there, the time 
required for a porcelain body to reach an equivalent maturity changes by 
almost an order of magnitude with a 50° temperature change. There are 
changes in both the amount and viscosity of the glassy phase during firing 
so that it is difficult to elucidate a specific activation energy for the 
process with which to compare the activation energy for viscous flow 
However, the temperature dependence of the vitrification rate of a 
composition such as this (a mixture of clay, feldspar, and flint) is greater 
than the temperature dependence of viscosity alone. This is to be 
expected from the increased liquid content at the higher firing tempera- 
tures. 

In summary, the factors determining the vitrification rate are the pore 
size, viscosity of the overall composition (which depends on amount of 
liquid phase present and its viscosity), and the surface tension. Equivalent 

•J. Am. Ceram. Soc, 34, 145 (1951). 
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Fig. 10.38. Effect of time and temperature on the vitrification of a porcelain body. Data 
from F. H. Norton and F. B. Hodgdon, X Am. Ceram. Soc, 14, 177 (1931). 



densification results from longer periods of time at the same temperature. 
In controlling the process, the temperature dependence is great because 
of the increase in liquid content and lowered viscosity at higher tempera- 
tures. Changes in processing and changes in composition affect the f 
vitrification process as they affect these parameters. 
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10.4 Sintering with a Reactive Liquid 
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Fig. 10.40. (a) Surface of solid-liquid composite with varying amounts of liquid phase, {b ) 
Drop of liquid between two solid spheres exerts pressure to pull them together, (c) Surface 
of forsterite ceramic showing liquid capillary depression between crystals. 
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low, and the solid is wetted by the liquid phase, as required to develop the 
necessary capillary pressure. For grain growth of periclase particles in a 
silicate liquid, the dihedral angle has a large effect on the grain-growth 
process, as illustrated in Fig. 10.41. Although zero dihedral angle is not 
essential for liquid-phase sintering to occur, the process becomes more 
effective as this ideal is approached. 
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Fig. 10.41. Grain growth of periclase particles in liquid-phase-sintered periclase-silicate 
compositions as a function of dihedral angle. From B. Jackson, W. F. Ford, and J. White, 
Trans. BriL Ceram. Soc, 62, 577 (1963). 



10.5 Pressure Sintering and Hot Pressing 

The sintering processes thus far discussed depend on the capillary 
pressures resulting from surface energy to provide the driving force for 
densification. Another method is to apply an external pressure, usually at 
elevated temperature, rather than relying entirely on capillarity.* This is 
desirable in that it eliminates the need for very fine-particle materials and 
also removes large pores caused by nonuniform mixing. An additional 
advantage is that in some cases densification can be obtained at a 
temperature at which extensive grain growth or secondary recrystalliza- 

*R. L. Coble, J. AppL Phys. 41. 4798 (1970). 



i 



502 



INTRODUCTION TO CERAMICS 



tion does not occur. Since the mechanical properties of many ceramic 
systems are maximized with high density and small grain size, optimum 
properties can be obtained by hot-pressing techniques. The effect of 
added pressure on the densification of a beryllium oxide body is illus- 
trated in Fig. 10.42. The main disadvantages of hot pressing for oxide 




bodies are the unavailability of inexpensive and long-life dies for high 
temperatures and the difficulty in making the process into an automatic 
one to achieve high-speed production. Both factors make the hot-pressing 
process an expensive one. For oxide materials which have to be pressed 
at temperature above 1200 or 1300°C (often at 1800 to 2000°C) graphite is 
the most satisfactory die material available; the maximum stress is limited 
to a few thousand pounds per square inch, and the life of dies is usually 
limited to seven or eight pieces. The entire die must be heated and cooled 
with the formation of each piece. Techniques for using high temperatures 
in a process in which the die is maintained cool with the material heated 
have shown some promise in laboratory tests but have not been de- 
veloped for production. 

For lower-temperature materials, such as glasses or glass-bonded 
compositions which can be pressed in metal dies at temperatures below 
800 to 900°C, the hot-pressing process can be developed as an automatic 
and inexpensive forming method. This is similar to the normal pressing of 
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dass as a glass-forming method in which it is used to obtain the desired 
chane rather than as a means of eliminating porosity. 
S Den Son during pressure sintering can occur by all the mechamsms 
wWch have been discussed for solid-state sintenng, vitnfication and 
uS-phase sintering. In addition, particularly dunng the early stage 
when Wgh stresses are present at the particle contact pomts, and f orsof 
2 erialtsuch as the alkali halides, plastic deformation is an important 
Jensmcation mode. Since the grain-growth process .s insensitive = to 
oressure, pressure-sintering oxides at high pressures and moderate temp- 
e atures aUows the fabrication of high-density-small-grain samp es with 
opt mum mechanical properties and with sufficiently low porosity ^ to be 
nearly transparent. Covalent materials such as boron carbide silicon 
Se, andsilicon nitride can be hot-pressed to nearly comple tedewrty. 
It is often advantageous to add a small fraction of liquid phase (i.e., L.F to 
M gO B to silicon carbide, M g O to silicon nitride) to allow pressure- 
induced liquid phase, or liquid-film, sintering to occur. 
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10.6 Secondary Phenomena 

The primary processes which occur on heating and are important in 
connection with the firing behavior of all ceramic composit, 
growth and densification, as discussed in previous sections. It .addition _ to 
these changes, there are a large number of other possible effects wh ch 
occur during the firing of some particular compositions ? These ^include 
chemical reactions, oxidation, phase transitions, effects of gas trapped in 
closed pores, effects of nonuniform mixing, and the a PP .cat on of 
pressure during heating. Although they are not P rocess "^^J. 0 ^ 
general importance, they frequently cause the main problems and the 
maTor pSomena observed during firing. Although we cannot discuss 
them in great detail, we should at least be familiar with some of the 

"otdLuon. Many natural clays contain a few percent organic matter 
which must be oxidized during firing. In addition, varnishes or resins used 
Tbinders as well as starches and other organic plasticzers, must be 

"ring, or difficulties result. 
organic materials ch V'T^^ 

temperatures ranging from 300 to 4W raru^umi y © 
' temperature compositions, it is necessary to heat at a slow enough rate or 
this process tobe completed before shrinkage becomes substantial. If the 
carbonaceous material is sealed off from the air by vitrification occurring 
before oxidation is completed, it acts as a reducing agent at higher 
temperatures. Sometimes this may merely affect the color, giving rise to 
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equilibrium pressure of the gaseous product; if this pressure is exceeded, 
further decomposition does not take place, leading to the major problem 
encountered, the sealing of pores before complete dissociation. As the 
temperature is raised, the decomposition pressure increases and forms 
large pores, blistering, and bloating. (This is, of course, the method used 
to form cellular glass products in which the surface is intentionally sealed 
off before chemical reaction or decomposition takes place to form a gas 
phase that expands and produces a foamed product.) This kind of defect 
is particularly common when high heating rates are used, for then there is 
a temperature gradient between the surface and interior of the ware, and 
the surface layer vitrifies, sealing off the interior. This temperature 
gradient and the time required for oxidation of constituents or impurities 
are the two most important reasons for limiting the rate of heating during 
firing. 

Sulfates create a particular problem in firing because they do not 
decompose until a temperature of 1200 to 1300°C is reached. Therefore 
they remain stable during the firing process used for burning many clay 
bodies. In particular, CaS0 4 is stable but slightly soluble in water, so that 
a high sulfate content leads to a high concentration of soluble salts in the 
burned brick. This causes efflorescence — the transport of slightly soluble 
salts to the surface, forming an undesirable white deposit. Addition of 
barium carbonate prevents the deposit from forming by reacting with 
calcium sulfate to precipitate insoluble barium sulfate. 

Decomposition also occurs in some materials to form new solid phases. 
A particular example used in refractory technology is the decomposition 
of kyanite, AhCVSiOj, to form mullite and silica at a temperature of 1300 
to 1450°C. This reaction proceeds with an increase in volume, since both 
mullite and the silica glass or cristobalite formed have lower densities 
than kyanite. The reaction is useful, since the addition of kyanite to a 
composition can counteract a substantial part of the firing shrinkage if the 
other constituents are carefully selected. Similarly, reaction of MgO with 
AI2O3 to form spinel occurs with a decrease in volume. By incorporating 
magnesia and alumina in a refractory mix, or more commonly in a 
high-temperature ramming mix or cement, the shrinkage taking place on 
heating can be decreased. 

Phase Transformations. Polymorphic transformations may be desira- 
ble or undesirable, depending on the particular composition and the 
anticipated use. If a large volume change accompanies the polymorphic 
transformation, difficulties result; owing to the induced stresses. Refrac- 
tories cannot be made containing pure zirconium oxide, for example, 
since the tetragonal monoclinic transformation at about 1000° involves 
such a large volume change that the ware is disrupted. The source of these 
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on the ultimate density that can be reached during firing. Gases such as 
water vapor, hydrogen, and oxygen (to a lesser extent) are able to escape 
from closed pores by solution and diffusion. In contrast, gases such as 
carbon monoxide, carbon dioxide, and particularly nitrogen have a lower 
solubility and do not normally escape from closed pores. If, for example, 
spherical pores are closed at a total porosity of 10% and a partial pressure 
of 0.8 atm nitrogen, the pressure has increased to 8 atm (about 1 10 psi) 
when they have shrunk to a total porosity of 1%, and further shrinkage is 
limited. At the same time that the gas pressure is increasing, however, the 
negative radius of curvature of the pore becomes small so that the 
negative pressure produced by surface tension is increased proportional 
to 1/r; the gas pressure builds up proportional to 1/r 3 . For sintering in air 
this factor usually limits densification; where very high densities are 
required, as for optical materials or dental porcelains requiring high 
translucency, vacuum or hydrogen atmosphere is preferred. 

Nonuniform Mixing. Although not mentioned in most discussions of 
sintering, the most important reason why densification and shrinkage stop 
short of complete elimination of pores is that gross defects caused by 
imperfect mixing and compact consolidation prior to firing are usually 
present. Examination of typical production ceramics shows that they 
commonly contain upward of 10% porosity in the millimeter size range 
(that is, pores much larger than the particle size of the raw materials 
introduced in the composition). These pores are caused by local varia- 
tions induced during forming, and there is no tendency for elimination of 
these pores during firing. Corrective treatment must be taken in the 
forming method. 

Overfiring. Ware is commonly referred to as overtired if for any of a 
variety of reasons a higher firing temperature leads to poorer properties or 
a reduced shrinkage. For solid-state sintering, such as ferrites and 
titanates, a common cause is secondary recrystallization occurring at the 
higher temperature before the elimination of porosity. Consequently, 
there is some maximum temperature at which the greatest density or 
optimum properties are obtained. For vitreous ceramics the most com- 
mon cause of overfiring is the trapping of gases in pores or the evolution 
of gases which cause bloating or blistering. 

10.7 Firing Shrinkage 

As formed, green ware contains between 25 and 50 vol% porosity. The 
amount depends on the particle size, particle-size distribution, and 
forming method (Chapter 1). During the firing process this porosity is 
removed; the volume firing shrinkage is equal to the pore volume 
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Green 




< d) 

(c) 

Fig. .0.45. Firing shrinkage of (a) pressed crucible with ^^^^^l 
density variations! (b) tile with differential shrinkage due to temperature gradients, (c) ware 
winiffeTential shrinkage due to gravity settling, and (d) d,fferent,al shnnkage due to 
frictional force of setting. 

of the ware against the setter. This means that the bottom surf ace tends to 
shrink less than the upper surface (Fig. 10.45d). Ware must be d^gned 
so that the final shape, including shrinkage, comes out to Rectangular 

Difficulties caused by differential firing shrinkage, resultmg distortton, 
and warping can be eliminated in three ways: first, altering the forming 
method to minimize the causes of warping; second, designing shapes n a 
way that compensates for warping; and third, using settmg methods n 
firing that minimize the effects of warping. One obvious 
forming methods is to obtain uniformity of the structure during initial 
forming. This requires elimination of pressure gradients, segregation, and 
othTr sources of porosity variation. Pressing samples that have long ratios 
of length to die diameter cause density variations. Extruded and pressed 
mixeslhat have low plasticity are particularly prone to arge pressu e 
variations and green density differences. Slip casting and extru sion both 
cause a degree of segregation and density differences during firing. Some 
settling may occur during the casting process, causing ^ctural vana- 
tions. During extrusion pressure differences at various parts of the d.e or 
an unsymmetrical setting for .the die can cause variations 

SometTmes variations in firing shrinkage and difficulties f = ng 
can be overcome by compensating the shapes. This is true, example 
in Fig 10.45, in which the closet bowl and lavatory are designed in such a 
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Special shapes may require special setting methods to eliminate ad- 
verse effects of firing shrinkage. Large refractory tile can be set at an 
angle of repose on a flat surface (Fig. 10.47a). This allows the tile to 
shrink without much stress. In the same way rods or tubes may be set in 
an inclined V groove or supported by a collar from the upper end (Fig. 
10 47b). Gravitational forces keep the tubes straight up to lengths of 
several feet. Unique shapes can always be supported on special setters 
designed for the particular sample. Some experience is necessary to 
handle unique shapes efficiently. Small pieces of sculptured vitrified ware 
are particularly difficult. The safest setting provides complete support 
from unfired struts (Fig. 10.47d). 
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Problems 

Distinguish between primary recrystallization, grain growth and secondary recrys- 
tallization as to (a) source of driving force, (*) magnitude of driving force, and (c) 
importance in ceramic systems.; 

Explain why the activation energy , for grain-boundary migration corresponds 
approximately with that for boundary diffusion, even though no concentration 
gradient exists in the former case. 

Can grain growth during sintering cause compaction of ceramics? Explain. Can 
grain growth affect the sintering rate? Explain. 
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Preparation of Polar 
Materials 
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Figure 2.2 Part of the phase d.agram of Pb o . 99 (ZrSnTi) a38 Nb 002 O 3 at 25° C 
(poled at 25 ) F = Ferroelectric, A = antiferroelectric, T = tetragonal 
R = rhombohedral, LT - low temperature phase, HT = high temperature phase 
(Raider and Cook 2 ) 

percentage of non-polar material and voids present. In general, doctor-bladed 
ceramics and epitaxial thin films are the fabrication techniques producing 
materials closest to the single crystal form, whilst the glasses and con- 
ventionally sintered ceramics are the furthest away. 



2.1 Growth of Single Crystals 

The two major methods that have been used to date for fabricating single 
crystals have been the solution (or flux) growth technique and the melt growth 
technique. 

2.1a Solution Grown Crystals 

This method has been successfully used for both water soluble materials and 
those that are soluble in other liquids or fluxes. 

The first stage in growing a water soluble crystal is to prepare an aqueous 
saturated solution of the polar material. Crystals can be grown by either 
keeping the solution at a constant temperature and allowing a gradual 
evaporation of the solvent or by slowly lowering the temperature while keeping 
the solution, saturated. Slow growth, taking a thousand hours or more, usually , 
produces the best and largest crystals. Other factors which affect the crystal 
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growth are the purity of the materials, the solubility-temperature characteris- 
tics of the solution, the fineness of the temperature control, the use of stirring to 
prevent temperature and concentration gradients from developing in the 
solution, and the use of seed crystals suspended in the solution to enhance 
growth. 

Table 2.1 contains a fairly comprehensive listing of the polar materials which 
have been successfully grown from aqueous solution. Figure 2.3 shows a large 
solution-grown crystal of triglycine sulphate, TGS. The original seed crystal is 
visible in the centre of the photograph. The organic polar material thiourea can 
be grown from an aqueous solution; however, better results are obtained from 
an alcoholic solution. 







pfTjiiW 




B 5 


*6 


7 



Figure 2.3 Photograph of a TGS crystal (Linz 4 ) 



Polar materials that are not soluble in water or alcohol can often be 
dissolved at high temperature in other materials, usually referred to as fluxes. 
For example, 26 different fluxes have been reported 5 for barium titanate, 
BaTi0 3 . In some cases, an excess of one of the constituents can act as a flux. 
For example, additional Bi 2 0 3 will serve as a flux in growing crystals of 
bismuth titanate, Bi 4 Ti 3 Oi 2 . 6 

Besides the particular flux used there are many other variables in flux 
growth. They include the purity and particle size of the component materials, 
the time-temperature cycle used for forming the molten flux solution, the 
crucible material and its shape and size, the method of heating (both resistive 
and r.f. induction heating are used), the time-temperature cycle used for 
cooling, the thermal gradients established in the 1 furnace (both vertical and 
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horizontal gradients have been used), and the atmosphere maintained in the 

Some of the crystals that have been grown by flux techniques are shown in 
tab e 2. 1. Space does not permit detailing the growth conditions used for «ch 
matenal. To give some ,dea, however, it is worth summarising the successful 
techmque developed by Remeika' for the flux growth of BaT?0 3 cryS A 

Zl 1 0fFe2Oj : S ^ tedf0r8hat,175O CTheFe 2 O3C0m P e nsa , es f o ; 
he oss of oxygen at high temperature. The crucible is then cooled slowTy lo 
875 C, at which stage the excess liquid flux is poured off. The crystals thus 
formed are then cooled slowly to room temperature. Any resid Jfl ux i 
removed by acid etchmg. The crystals have a plate-like morphology and some 
typical examples are shown in figure 2.4a. 



PREP, 







1cm 



(a) 



(b) 



Figure 2.4 Photograph of barium titanate crystals. 

(a) Crystals grown by flux method (Epstein 8 ). 

(b) Crystals grown by Czochralski method (Belruss et a/.") 

2.1b Melt Growth 

If a polar material melts congruently, that is, if stoichiometry is maintained 
then the crystal can be grown directly from the melt. As the crystal grows' 
either by spontaneous nucleation on to a chemically inert platinum or iridium 

.To' °T * SCCd CryStal ' k is gradual,y withdra ™ from the molten liquid In 
he Stockbarger method, this is done by withdrawal of the crucible containing 

• i!™?" I t Czochra,ski method 2.5), the crystal is gradually 

pulled out of the melt, and it is usual to route the crystal while pulling, to 
minimise thermal and stress gradients. Also suitable optics are provided for 



viewu 
growc 
desigi 
methc 
and le 
are pc 
and ai 
used. \ 
at 70 
atmos 
Beli 
times 
gradu 
grown 
crysta 
132°C 
figure 



.3 



PREPARATION OF POLAR MATERIALS 



19 



PULLING MECHANISM 
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Figure 2.5 Czochralski crystal grower for lithium niobate (Nassau 9 ) 



viewing the crystal during growth. Figure 2.5 shows a Czochralski crystal 
grower used for growing lithium niobate, LiNb0 3 . The apparatus is also 
designed to pole the crystal during the growth process. The Czochralski 
method is usually the best for polar materials, in that it produces less strains 
and less twinning in the crystal. A large number of variations in the technique 
are possible including variation of the pulling and rotation rates, the method 
and amount of after-heating used as the crystal emerges, and the atmosphere 
used. Figure 2.6 is a photograph of a Gd 2 (Mo0 4 ) 3 crystal pulled by Kumada 
at 70mm/h using a rotational speed of lOOrev/min in an oxygen rich 
d> atmosphere 10 . Most Czochralski grown crystals have the form of figure 2.6. 

s, Belruss et ai u have developed a modified Czochralski technique, some- 

m times referred to as 'top seeding*, in which the temperature of the melt is 

(n gradually dropped (0.2°C/h) as pulling proceeds. The crystal of figure 2.4b was 

*8 grown by this technique, using a pulling rate of 0.7 mm/h. Pulled BaTi0 3 

•'y crystals have a polyhedral morphology and a transition temperature, of 

t0 132°C. By comparison, the Remeika 7 flux grown BaTi0 3 crystals, shown in 

or figure 2.4a have a plate-like structure and a T c of 120°C The lower T c is due to 



i 




20 



BASIC PROPERTIES 




0 aa» s '''T ;; f W''M|iUpjWffj 

10 ' ' > 

Figure 2.6 Single crystal of gadolinium molybdate (Kumada'°) 

the substitution of K atoms at some Ba sites and Fe at some Ti sites in the 
BaT,0 3 crystal lattice; the K and Fe impurities originate from he nux us^ 
The polar material smgle crystals that have been successfully grown from S 
melt by Czochralski type techniques are listed in table 2 , ,ygrOWnfrom the 

2.1c Other Techniques 

Single crystals of both BaTi0 3 and antimony sulpho-iodide.SbSI have been 
grown by vapour transport-. Hydrothermal methods, which invoN^ 
comb nation of high pressure and temperature have been used to grow sLe 
crystals of several types of polar materials "-".see also ta51e 2 / 

2.2 Ceramic Fabrication 

The classical technique for forming ceramics is sintering at atmospheric 
pre*ure. Recent vanations on this process are doctor-tlading anS h* 

2.2a Sintering 

™ nS n tUen ;K (0r thCir OX L dCS) ° f thc P0,ar materiaJ are m ^ the correct 
a P T? T ,tha \° r « an,cb,nderandthen P^atroomtemperatureinTo 
a tructure having the des.red shape and dimensions. In most <£es this 11 
cyhnder, although for some applications, for example sonar, more compL 
shapes are used. The pressed structure is sintered or fired at an appropriate 
Umperature .n an approbate atmosphere. This causes the organic binder to 
be burnt out and the pressed materials to react chemically and form thedesired 

St 7 *^ 22 C ° ntainSa ,i$t ° f SOme of the P° lar mat erials which 
have .been fabricated as sintered ceramics. 
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Table 2.2 Ceramic polar materials that have been fabricated by various 

techniques 



CERAMICS 



SINTERED 



DOCTOR B LADED HOT PRESSED 



AgNb0 3 
AgTaOg 
AgV0 3 

Ba 2 NaNb 5 0 15 
BaTi0 3 
Bij> 3 0, 2 
Cd 2 Nb 2 0 
CdTi0 3 

<K,U,Sr)Nb 10 O l3 

KNb0 3 

KTa0 3 

K(Nb.Ta)0 3 

LiNb0 3 

LiTa0 3 

(Na, K)Nb0 3 

NaNb0 3 

NaTa0 3 

Na{NbTa)0 3 



Pb(Fe,Nb)0 6 
PbHf0 3 

Pb 3 (Mg,Nb 2 )0 9 
PbNb 2 0 6 
PbTi0 3 
PbZr0 3 

PbBi(Zr,Sn.Ti)0 3 

PbNb(Zr,Sn,Ti)0 3 

PbBi(Zr,Ti)0 3 

PbLa(Zr,Ti)0 3 

PbNb(Zr,Ti)0 3 

RbTa0 3 

SrBaNb 2 0 6 

SrTi0 3 

W0 3 



I 

BaTi0 3 

PbNb(Zr,Sn.Ti)0 3 
Pb(Zr, Ti)0 3 



I 

(Na, K)Nb0 3 

Pb(Zr,Ti)0 3 

PbBi(Zr,Ti)0 3 

PbLa(Zr,Tt)0 3 

PbNb(Zr, Ti)0 3 

Pb(Sn,Zr,Ti)0 3 



2.2b Doctor- Blading 

Doctor-Blading 16 is particularly suited for forming large area, thin sheets of 
ceramic. The constituents of the polar materials are mixed in a liquid together 
with a suitable plasticiser and the resultant slurry is poured onto flat glass. A 
stainless steel blade, accurately positioned a small distance, S, above the sub- 
strate is then drawn through the slurry. The resulting sheet is allowed to dry after 
which it can be peeled off the glass. At this stage the material is termed 'green' 
because it can be easily cut or punched into any two dimensional shape. The 
sintering is done in a two step process, viz. a lower temperature firing to burn 
out the plasticiser and then a higher temperature firing in a controlled 
atmosphere to form the polar material. 

Whenever a ceramic is sintered there is a large amount of shrinkage. For a 
doctor-bladed material, the shrinkage is particularly evident as a decrease in 
thickness. Figure 2.7 shows the relationship between the thickness of 'green* 
and fired materials for a PbNb(Zr, Sn, Ti)0 3 ceramic. A fired and electroded 
doctor-bladed ceramic strip is shown in figure 2.14. 

2.2c Hot Pressing 

i 

In the hot-pressing process the ceramic is sintered under pressure, typically 
developed in a hydraulic press. Hot pressing can result in ceramic densities 
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BLADE SETTING S (/*m) 

Figure 2.7 Tickness of 'green' and fired materials as a function of blade setting^ S, 
for a doctor-bladed Pb(ZrSnTiNb) 0 3 ceramic (Wentworth and Taylor 16 ) 

even higher than 99.9% of the theoretical maximum. As a resut, such 
materials have properties approaching those of a single crystal. For example, 
the hot-pressed ceramic can have a high value of remanent polarisation, a low 
value of coercive field and, as shown in figure 2.8, can be transparent. 




Figure 2.8 Photograph of polished transparent Pb(ZrTiLa)0 3 hot-pressed 
ceramic samples. (Haertling and Land 18 ) * 
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Haertling 1 7 - 1 8 has extensively studied how the parameters of time, pressure, v 
temperature, chemical purity and firing atmosphere affect the properties of 
hot-pressed Nb, Sn, Bi and La doped and Sn, Ba, and La modified* 
Pb(Zr, Ti)0 3 ceramics. Figure 2.9 is typical of such results. In this case the 
effects of time, pressure, and temperature, on grain size of a 
PbNb(Zr, Sn, Ti)0 3 ceramic are shown. As discussed in section 15.2a the grain 
size is important in determining the electro-optic properties of certain ceramic 
compositions. It also affects many other properties of the ceramic including the 
permittivity. Other ceramics that have been hot pressed are listed in table 2.2. 




Figure 2.9 Effect of hot pressing time, temperature and pressure on average grain 
diameter of a hot pressed PbNb(ZrSnTi)0 3 ceramic (Haertling 17 ) 



2.3 Thin Film Fabrication 

There has recently been much general interest in thin films of polar materials 
(i.e. less than about 10 thick). In particular, for device applications, thin 
films have important advantages which include (a) formation of large 
capacitances, (b) low switching voltages, (c) the possibility of forming the 
film directly on the integrated semiconductor 'driving' circuits. 

The various techniques used for making thin films are described below. The 
materials that have been made by these techniques are summarised in table 2.3. 
With the exception of rX sputtering, the fabrication techniques generally 

As described in sections 1 5.2 and 1 7.4, the properties of the Pb(Zr, Tij0 3 ceramics vary greatly 
depending on whether the amount or additive is less or greater than about 5 atom per cent. As a 
result it is convenient to use the term doped Pb(ZrTi)0 3 when the additive is less than 5 atom per 
cent and the term modified Pb(ZrTi)0 3 when the additive is greater than 5 atom per cent. 
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produce polycrystalline films, which have properties more similar to ceramics 
than to single crystals. 

2.3a Solution Deposition 

Three types of solution deposition have been used for forming thin films. They 
are casting, hydrolysis and electrophoresis. 

Casting 

Beerman 19 has made thin films of TGS (a water soluble polar material) by 
spraying an aqueous solution of TGS onto a suitable substrate. Chapman 20 
has formed thin films of the complex ferroelectric Pb(BiLaFeNbZr)0 3 by first 
making a colloidal suspension, or slurry, of the basic oxides of the composition. 
The suspension was then centrifuged onto a metallic substrate and sintered at 
900°C to form the ferroelectric thin film. 

Hydrolysis 

Lure et al 21 have deposited a mixture of Pb, Zr, Sn and Ti oxides on a 
metallic substrate by hydrolysing a solution of Pb, Zr, Sn and Ti tetrachlorides. 
The oxides were then sintered to form a ferroelectric film of Pb(ZrSnTi)O a . 

Electrophoresis 

Lamb et al 22 placed two noble metal electrodes into a suspension of BaTi0 3 
particles in ether. The application of about 200 V cm" 1 between the electrodes 
caused a film to be formed on the anode. Subsequent sintering in an 
atmosphere of 98 % helium and 2 % oxygen at 1350°C created a stable BaTiO* 
film. 

2.3b Melting 

Nolta et al 23 have shown that a thin layer of potassium nitrate, KN0 3 , can be 
easily formed by melting KN0 3 powder onto a metal substrate. However, 
KN0 3 has the disadvantage that it is only ferroelectric at room temperature 
and atmospheric pressure for a short time, before reverting to a non- 
ferroelectric phase 24 . Sodium nitrite, NaN0 2 , and barium titanate, BaTi0 3 
films have also been prepared by melting. 

2.3c Vacuum Deposition 

Evaporation and sputtering techniques have been used for the vacuum 
deposition of thin films. 

Evaporation 

In his early work Feldman 25 evaporated BaTi0 3 from a coated tungsten 
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filament onto a metallic substrate in a vacuum of less than 5 x 1CT 5 mm Hg. 
Due to the difference in volatility of the constituent oxides, the resultant film 
consisted of separated layers of BaO and Ti0 2 . To combine the oxides the film 
had to be subsequently heated in air at 1100°C. 

Flash evaporation onto a heated substrate is a technique developed by 
Miiller et al 26 and Burfoot et al 27 which overcomes the dissociation problem. 
The polar material is evaporated in small-thickness increments, typically 
corresponding to a few crystal lattice spacings, by dropping the source 
material, a grain at a time, onto a filament heated to a temperature of about 
2000°C One variation which has proved successful in improving the quality of 
the evaporated films has been to leak a small amount of oxygen into the 
vacuum chamber. This improved stoichiometry by overcoming oxygen 
deficiencies. Another successful technique has been the use of multiple 
evaporation sources. For example, in forming BaTi0 3 , a source of BaO and a 
source of Ti0 2 are used. The multiple sources can reduce the amount of 
filament material in the film. 

In addition to BaTi0 3 , thin films of lead titanate, PbTi0 3 , and bismuth 
titanate, Bi 4 Ti 3 Oi 2 , have been evaporated. Films evaporated onto metal 
substrates such as platinum are polycrystalline in nature. An epitaxial film of 
BaTi0 3 with its c-axis uniformly aligned perpendicular to the substrate can be 
evaporated if the substrate is a freshly cleaved alkali halide crystal such as LiF 
or NaF. Burfoot 27 has developed a technique for removing the film from the 
insulating substrate, so that an electrode can be placed on the thin film for 
electrical measurements. 

Sputtering 

Francombe 28 has suggested that sputtering offers several advantages over 
evaporation, namely (a) better control of stoichiometry, especially for the 
more complex oxide materials, (b) better thickness control and (c) freedom 
from material contamination. Most sputtering has been r.f. sputtering from 
ceramic targets. However, diode, triode and tetrode sputtering has also been 
used. The polar materials which have been sputtered are listed in table 2.3. Two 
of these materials, BaTi0 3 and Bi 4 Ti 3 0 12 , have also been sputtered 
epitaxially. 

It is instructive to summarise the sputtering technique developed for 
monoclinic Bi 4 Ti 3 0! 2 , since the problems which occur are rather typical, and 
the results obtained have been the most impressive. Takei et al. 29 used a 
10 cm 2 ceramic target of bismuth titanate mounted on a water-cooled metallic 
base and positioned 4 cm from a heated substrate. Using a 4 mm atmosphere 
of 0 2 and Ar they were able to sputter Bi 4 Ti 3 0 12 films at a rate of about 
1 As" 1 using a power level of 1 W cm " 2 and a self bias of 700 V. 

The problem in vacuum deposition, as with single crystal and ceramic 
fabrication, is to develop the correct stoichiometry so that only the required- 
phase is formed. In the case of sputtering Bi 4 Ti 3 0, 2> this is done by using a 
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Figure 2.10 Dependence of composition on substrate temperature for films r.f. 
sputtered from a target of composition 80% Bi 4 Ti 3 0 12 , 20% Bi 12 Ti0 20 . 
(Francombe 28 ) 

ceramic target of 0.8 Bi 4 Ti 3 0 12 , 0.2 Bi, 2 TiO 20 and a substrate temperature of 
650°C. The bismuth enriched target compensates for the high volatility of that 
oxide, while as can be seen from figure 2.10, the chosen substrate temperature 
favours Bi 4 Ti 3 0 12 over the other phases. 

The B^T^Oj 2 film can be sputtered epitaxially and aligned along any 
preferred direction by choosing a substrate having a suitable crystal lattice. 
Substrates which have been used are Pt, single crystal Bi 4 Ti 3 0 12 and MgO 
and MgAl 2 0 4 . Except for a higher coercive field, the electrical and optical 
properties of the epitaxial films closely match those of the bulk (single crystal) 
material; see, for example, figure 2.11. The most dramatic evidence of the 
quality of the sputtered films of Bi 4 Ti 3 0 12 is their ability, as shown in figure 
2.12, to duplicate the complex electro-optic light valve switching properties of 
the single crystal material described in section 15.2a. 

2.4 Fabrication of Polar Glasses 

Borrelli, Herczog and colleagues 31, 32 at Corning have succeeded in crystallis- 
ing NaNb0 3 and (NaK)Nb0 3 in glass matrices of Si0 2 , and BaTiO a and 
SrTi0 3 in a matrix of BaAl 2 Si 2 O s . Also, Isard and his colleagues 33, 34 at 
Sheffield have made glasses of PbTi0 3 and (PbBa) Ti0 3 in B 2 0 3 matrices and 
(K Ta)Nb0 3 in a Si0 2 matrix. These polar glasses are made by the rapid 
quench cooling of the appropriate molten oxides, followed by suitable 
annealing treatment to crystallise the polar material in the low permittivity, 
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The polar glass materials have the characteristic advantages associated with 
glass, namely an absence of pores and hence a high dielectric breakdown and 
mechanical strength. Also, they can be conveniently fabricated in thin uniform 
sheets. On the other hand, the presence of the glass matrix with its relatively 
low dielectric permittivity as compared to the polar materials means that the 
electrical and optical coefficients are smaller than those of the corresponding 
ceramic or single crystal material. The properties are, however, still sufficiently 
significant for some electro-optic applications and for some cryogenic 
temperature, capacitor applications. 32 



2.5 Post-Fabrication Procedures 

2.5a Annealing 

Crystals grown from the melt often develop strains which lead to undesirable 
domain structures (twinning) and mechanical cracking. The strains are mainly 
caused by the mechanical constraints imposed during the growth process. The 
easiest way to remove these strains is by thermal annealing. This can be done 
by cooling the crystal through its transition temperature at a prescribed rate in 
a suitable temperature gradient. For example, Hopkins and Miller 35 have 
found that the strains due to domain structures in Bi 4 Ti 3 0 12 can be 
successfully annealed out by placing the crystals on an alumina surface in a 
tube furnace with a temperature gradient of 5°C cm" 1 and cooling at the rate 
of 2°C min~ l . Annealing is also used to remove strains which can develop in 
thin film materials and ceramics while they are being fabricated. 

2.5b Poling 

In a newly fabricated ceramic, the crystallites, and hence the polar axis, can lie 
in a large number of directions. This will cause the material to have only a 
quasi-isotropic response in its electrical, optical, piezoelectric and other 
characteristics. A lack of orientation can also exist in certain freshly prepared 
single crystal and thin film materials due to there being more than one possible 
orientation for the polar axis. For example in BaTi0 3 there are three possible 
orientations for the polar axis and each orientation has two possible directions. 

Before such unaligned materials can be used for measurements and 
applications, it is necessary to orient the polar axis in a common direction 
usually normal to the major surfaces. (However, in the case of the electro-optic 
PLZT ceramics it is necessary, for some modes of operation (see section 1 5.2), 
to pole parallel to the surface.) 

Polar axis orientation is done by a poling technique which consists of 
applying a D.C. voltage for a sufficient time to suitable electrodes on the 
material. The amplitude and duration of the voltage required for poling vary 
substantially between materials. Some materials will pole easily and if used in 
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Figure 2.13 Single crystal bismuth titanate poled in central reoinn =,c ^ 
between crossed polarisers (Hopkins and mL>>) LcaZZl ?Z\1"T 

large-signal switching applications may not even require a preliminary poling 
cycle. Others can only be poled near their Curie point where the coercive field 
of the material ,s small. Sometimes the poling is done during the crystal 
growth-see figure 2.5. The maximum poling voltage that can be applied is 
himted by breakdown and arcing in the material. Hence poling is often done in 
an od bath, figure 213 showsa Bi 4 Ti 3 0 12 crystal which has been poCfn iu 
centra section. The crystal is viewed between crossed polars and Lnce oriy 
the poled region is uniformly extinguished. 

2.5c Cutting, Thinning and Polishing 

Depending on the intended usage, it is often necessary to cut and thin the 'as 
grown single crystal or the 'as sintered' ceramic slug or disc to smaller 
dimensions. If the material is water soluble then the cutting can be done with a 
water soaked string Other materials may require cutting with a high speed 

co f ? T u Th f thinning ™ done b y slicin *' 

grading or etching. In the latter process, depending on the material, the etch 
solution can vary from water to aqua regia. Some materials will, with a suitably 
applied high impulsepressure, naturally cleave into thin platelets. Desputter- 
ng where-,n the polar material is made the sputtering source, is a technique 
that permits very carefully controlled thinning of a material 38 

For optical use it is almost mandatory to have a finely polished surface to 
minimise light scattering. Several methods are used for polishing. One of the 
mos common is a series of polishes with alumina powder-of progressively 
smaller particle size. 6 y 
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2.5d Electroding 

Many measurements and most devices require the application of electric fields 
to the material. This is done by applying a voltage between electrodes placed 
on the surfaces of the polar material Because of the high c of polar materials, 
the electrodes must be in intimate contact with the surfaces. Virtually any 
airgap will cause an intolerable reduction in the voltage developed in the polar 
material. 
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Figure 2.14 An evaporated gold electrode pattern on a doctor bladed ceramic 
strip (Taylor 36 ). 

For quick measurements, air drying silver paste is often used as an electrode. 
For applications which require accurately defined electrodes, it is usual to 
evaporate metal through photomechanically formed masks. Figure 2. 14 shows 
such an electrode pattern formed with evaporated gold on a doctor-bladed 
PZT-type ceramic. Silk screening and sputtering are two other techniques 
which have been used for forming electrodes. For electro-optic applications, it 
is often necessary to have transparent electrodes. Very thin (less than 500 A 
thick) evaporated metal electrodes can sometimes be used. However, rX 
sputtered indium and/or tin oxide has proved to be a more satisfactory 
transparent electrode. Such electrodes can have a resistance of less than 10 Q 
per square and an optical transmission of greater than 90% in the visible 
spectrum. 

At first sight, electroding would seem to be no more than a technical process. 
However, as discussed in detail in section 3.2c, electrodes can have a significant 
effect on the ageing phenomena in polar materials. For example, if metal 
electrodes are used, single crystal BaTi0 3 ages after repeated polarisation 
reversals. With conducting liquid electrodes (e.g. an aqueous lithium chloride 
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Sample : example catalyst 
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Table 13.2. Alumina powder characteristics, X-Ray data and sintering behavior 





Median 


Band 


Surface 


Mean 




Green 


Fired 




Sintering 




Particle 


width 


Area 


strain 


Domain 


Density 


Density 


Dcnsification 


Constant 


Sample 


size 


GO 


(mVg) 


x 10 s 


size (A) 


(g/cc) 


(g/cc) 


Parameter 


(m in Eq. 1) 


A 


0.45 


1.08 


14.20 


3.143 


393 


2.265 


3.931 


0.96 




B 


0.39 


0.92 


10.24 


2.369 


376 


2.126 


3.793 


0.89 




C 


0.54 


1.15 


10.75 


3.175 


428 


2.127 


3.843 


0.92 




D 


0.38 


1.06 


11.28 


1.917 


393 


2.090 


3.691 


0.84 


0.34 


E 


0.61 


1.35 


9.59 


2.630 


352 


2.148 


3.851 


0.90 


0.43 
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Table 15.2. Simplified characterization of layer silicates 
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Table 30.3. Substitute deflocculants 



Mill 

Batch 

Number 



Material 
Replacing 
Menhaden Oil, 
55 g 



Results 



Chemical 
Functional Groups 
Present 



Molecular 
Weight 



Slip 
Viscosity 



Tape 



Fired 
Substrate 



211 No Deflocculant 

185A Nujol 

252 Propylamine 

236 Octadecylamine 

— Trichloroacetic acid 

191 Oleic acid 

209 Octadiene 
249 Glycerine 
189 Phthalates and 

polyethylene glycol 

(plasticizers) 
182, Octyl and other 
185 phthalates 

(plasticizer) 
25 1 Polyvinyl butyral) 

(binder) 



None 

(Possible 0=C and high MW) 

Base 

Base 

Acid 

Acid, 0=C 

C=C 

OH 

OH, COO 



COO 



_ Solid 
Solid 



59 
270 

163 
282 
110 
92 

278, ect. 



COO, OH, (C=C) 



Viscous 
Thixo. 

Solid 
Solid 
Solid 
Solid 
Solid 



One half cracked Rough 
surface 



278, etc. Solid 



32,000 Fluid 



Sticks to cellulose 
acetate 



207 


Glyceryl 


OOO 




tristearate 




210 


Ethyl oleate 


COO, C=€ 


237 


Glyceryl 


COO, C=C 




monooleate 




239 


Ditto, but 1413 cc 


COO, C=C 




alcohol, no TCE 




204, 


Glyceryl 


coo, c=c 


208 


trioleate 




250 


Glyceryl trioleate 


coo. c=c, 




plus octadecylamine 


Base 


177, 


Corn Oil 


COO,C=C; • 


253 




see Table 30.4 


296 


Untreated 


COO, C=C (NH»); 




menhaden oil 


see Table 30.4 




(Haynie LCP) 


COO, C=C (NH,); 


215 


Extra menhaden oil 




(1 10 g total) 


see Table 30.4 



891 


Solid 




310 


Solid 




357 


Thixo. 


One half cracked 


357 


Solid 




885 


Thixo. 


Good Good 


885, 270 


Thixo. 




885; etc. 


Fluid 


Good Good 


885, etc. 


Fluid, 






slightly. 






viscous 




885, etc. 


Fluid, 






slightly 






viscous 
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TEMPERATURE, METHODS FOR THEIR USE AND PREPARATION 
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Oxygen defect K^NiF^type oxides La 2 - x Sr J .Cu0 4 - x/ , +6 have been synthesized for a wide composition 
range :0 ^ jr s 1.34. From the X-ray and electron diffraction study three domains have been 
characterized: orthorhombic compounds with LajCuC^ structure for 0 ^ jr < 0. 10, tetragonal oxides 
similar to LaSrCu0 4 for 0. 10 ^ jc < I and several superstructures derived from the tetragonal cell (a = 
"•^Lasrcuo, with /i = 3, 4, 4.5, 5, 6) for 1 ^ x 2= 1.34. The compounds corresponding to 0 < x < 1 differ 
from the other oxides in that they are characterized by the presence of copper with two oxidation 
states: +2 and +3. A model structure for Lao. 8 Sri. 2 CuX0 3 .4, in which copper has only the +2 oxidation 
state, and for which the actual cell is tetragonal — a = 18.80 4 A and c = 12.94 A— has been established. 
The particular structural evolution of these compounds is discussed in terms of a competition between 
the capability of Cu(II) to be oxidized to Cu(III) and the ordering of oxygen vacancies. 



Introduction 

A lot of oxides, with the A 2 M0 4 formula, 
characterized by the intergrowth of 
perovskite- and sodium chloride-type 
layers are known at the present time. Con- 
trary to the perovskite oxides, no oxygen 
defect has been observed for this structural 
series to our knowledge. Copper, due to its 
ability to take different coordinations 
smaller than six, is a potential candidate 
which could form such anion defect com- 
pounds. However the only isostructural 
copper compounds which have been syn- 
thesized, La2Cu0 4 (/, 2) and SrLaCu0 4 (3) 
are stoichiometric. Nevertheless, the re- 
cent results concerning the oxides 
La 2 _ x A 1+:c 0 6 - :r/ 2 (A = Ca, Sr) (4), whose 

1 Author to whom reprint requests should be ad- 
dressed. 

0022-4596/8 1/ 10012O08$02.00/0 l; 
Copyright © 1981 by Academic Press, Inc. 
All rights of reproduction in any form reserved. 



structure is strongly related to that of 
Sr 3 Ti 2 0 7 (5) suggest the possibility of oxy- 
gen defect for A 2 Cu0 4 compounds. Thus, 
the present work deals with the oxides 
La2_ x Sr x Cu0 4 _ x/ 2+6> for which the replace- 
ment of lanthanum by strontium leads to 
the formation of oxygen vacancies, involv- 
ing order phenomena. 

Experimental 

For the synthesis of the compounds of 
the system La2Cu04-Sr 2 Cu0 3 , SrC0 3 , CuO 
and La20 3 were mixed according to the 
following ratios: (2 - x)/2La 2 O z /x SrC0 3 /l 
CuO. All these reactions were made in a 
platinum crucible in air. The synthesis of 
the compounds with high purity strongly 
depends on the temperature for a fixed 
pressure. The mixtures were thus first 
heated for 5 hr at 900°C, and then at tern- 
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peratures ranging from 1000 to 1200°C for 
12 hr. 

The oxidation state of copper, i.e., the 
oxygen defect, was determined by reducing 
the compounds by hydrogen: the reduction 
reactions were followed by thermogravime- 
try using a Setaram microbalance. 

The crystallographic data were estab- 
lished by two complementary methods: X- 
ray diffractometry using CuKa radiation 
with a Philips goniometer and electron dif- 
fraction using an EM 200 Philips micro- 
scope. 

Results 

Study of the System La 2 Cu0 4 -Sr 2 Cu0 3 : 
The Compounds La 2 . x Sr x Cu0 4 ^ xl2+6 

According to the methods previously de- 
scribed, K 2 NiF 4 -type compounds corre- 
sponding to the nominal composition 
La 2 _ x Sr x Cu II 0 4 _ :c/2 were synthesized in a 
large composition range: 0 < x < 1 .34. The 
microthermogravimetric study of these ox- 
ides under hydrogen showed, however, 
that a part of Cu(II) had been oxidized to 



Cu(III), leading to the formula 
La 2 _ j: Sr x Cu0 4 _ J . /2+6 with 0 < 5 < 0. 12. For 
x > 1.34 a mixture of the K 2 NiF 4 -type 
phase and SrsCuQ, (6) was observed. 

The crystallographic data of different 
compositions are summarized in Table I. 
The study of the X-ray patterns showed a 
continuous evolution of the structure and 
allowed to characterize three composition 
ranges which were studied by electron dif- 
fraction. 

(7) 0<x<0.10. The X-ray patterns 
very similar to that of L^CuCX, (/) were 
indexed in an orthorhombic cell with: 

a x = 2a p sin/3/2 = 

Z>, = 2a p cos p/2 - & U2 cuo 45 

C I — c La 2 Cu04» 

where a p is the parameter of the perovskite 
cubic cell, and defines the monoclinic 
distortion of the cell. 

From the conditions limiting possible 
reflections— hkl :h + k,l + h,k + I = In— 
three space groups are possible: Fmmm, 
Fmml, and F222. 



TABLE I 

Crystallographic Data of La a _ x Sr,Cu0 4 . x/2+5 Compounds 

















Heating 


Range 


X 


6 


Composition 


a 

(A) 


b 
(A) 


c 

(A) 


temperature 
(°C) 


I 


0 

0.08 


0 

0.030(1) 


La»Cu0 4 

La1.a2Sro.08CuO3.99 


5.366(2) 
5.351(1) 


5.402(2) 
5.368(2) 


13.149(4) 
13.200(5) 


1100 
1000 


n 


0.25 
0.333 
0.50 
0.66e 
0.88o 


0.060(4) 
0.119(4) 
0.100(4) 
0.092(4) 
0.068(4) 


LaLrsSro^CuQs^ 
La1.66iSroj3jCuO3.s5 

LaL50Sro.50CuO3.85 

La^Sro.w.CuCVre, 

Laj.ttSro.agCuQs.w, 


3.775(2) 
3.776(1) 
3.773(1) 
3.775(1) 
3.773(1) 




13.247(5) 
13.250(2) 
13.204(3) 
13.150(4) 
13.073(5) 


1000 
1100 
1160 
1170 
1170 


III 


1.00° 
1.28° 
1.34° 


0.0 
0.0 
0.0 


LaSrCuQsso 
Lao.reSr1.ttCuO3.36 


3.767(1) 
3.761(2) 
3.759(3) 




13.002(3) 
12.922(9) 
12.907(9) 


1200 
1200 
1200 




1.20 


0.0 


Lao.8oSr 1 joCuQ 3 . 11 o 


18.803(7) i 




12.941(7) 


1200 



a The "a" parameters of these compounds (range IU) are those of the tetragonal subcell;/! values for every 
composition are given in Table II. 
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si 'lS ^TcTthet; . y H The e, r ron dafraction ai - 

parameters are related to^, a «er a^d to 7 /'V? ^ ^ f0 " 0Wing rdations for 
in the following manne ^ tetrag0nal Cel1 for a ^position 



c n ~~ c, — c LaSrCu04 . 

The reflection conditions are those of 
LaSrCu0 4 — hklih + /; + / = 2n— involving 
the space groups: 14/mmm, 14/m, 7422 and 
/42m. 

(///) I < * < I : 34. The X-ray diffracto- 
grams are characterized by the existence of 
a system of strong peaks, which was al- 
ready observed for the compounds (II), 
involving at least the existence of a tetra- 
gonal subcell of the same type. However, 
for all these patterns, weak peaks were 
always observed which could not be in- 
dexed in this cell. An electron diffraction 
study was thus undertaken: about 50 crys- 
tals were examined for each value of x 
given in Table II. Several types of crystals 
were isolated: 

—Small number of crystals, about 10%, 
were characterized by a tetragonal cell sim- 
ilar to that of LaSrCuQ 4 : 



a \n = na l} 



C III — 



na lu 

- c m # c„ — q. 

For a same composition jc, several sorts of 
superstructures were generally observed 
characterized either by integral n values (n 
- 4, 5, or 6) or nonintegral values of n (n 
ranging from 4.5 to 5.6), as shown for 
several compositions in Table II. Figure 1 
shows, as an example, the electron diffrac- 
tion patterns of the (001) planes for 
La 2/3Sr 4/3 Cu03j3. From Table II it can be 
seen that a pure term, characterized by a 
superstructure with an integral value of n (n 
= 5), is only obtained for x = 1.20. It has 
thus been attempted to elaborate a struc- 
tural model for this phase. 



c m ^ c„ c, ~ c^c^. 

—Most of the crystals, i.e., about 90%, 
presented, in addition to the fundamental 
reflections previously described, super- 
structure reflections with a variable inten- 



TABLE II 

" Values Observed by Electron Diffraction 
for Compounds of Range III 



Composition 


jr 


. n 


LaSrCu0 3 . 5 


1.00 


1; 4.5 


Lao-wSiYuCuO^ 


1.12 


1; 4.5; 5 


Lao-wSr^CuOs^o 


1.20 


5 




1.28 


1; 4.6; 5; 5.3; 5.4 


L^wSr^CuOa^ 


1.34 


1;4;5; 5.6; 6 



A Structural Model for La 0 , 8 Sr^CuO 3A 

The actual cell of this compound is tetra- 
gonal: a = I8.80 4 A and c - 12.94 A (Z = 
50). The conditions limiting possible 
reflections are the same as those of the 
subcell (a = 3.760, c = 12.94 A; Z = 2), 
leading to the space groups 14/mmm] 
I4/m, 7422, and /42m. The intensity calcu- 
lations were first made in the K 2 NiF 4 type 
cell, with the most symmetric space group 
14/mmm. For these calculations, 
reflections corresponding only to the 
subcell were used. Copper atoms were 
placed on 2(a), lanthanum and strontium 
atoms were statistically distributed on 4e, 
and oxygen atoms and anionic vacancies' 
were statistically distributed over two sorts 
of sites 4e (O,) and 4c (O n ). After 
refinement of the atomic parameters the 
discrepancy factor could not be lowered 
below R = 0.104. The possibility of an 
order of the oxygen atoms and vacancies 
over the O, and O n sites was thus consid- 
ered. The occupancy factors of both sites 



Fig. 1. Electron dif 
(d) 6. 



were refined successi 
neously and the besi 
(Table IV) was obtain 

TABl 

L^.soSr^QQ^,,: Atom Pc 





Sites 


,v 


y 


Lai 


Me) 






Sr/ 


0 


0 


Cu 


2(a) 


0 


0 


o, 


4(e) 


0 


0 


o n 


4(c) 


0 


0,5 


° a = 


3.760 A; 


c = 


12.94 
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served, 
ilues (n 
of n (n 
wn for 
r igure 1 
diffrac- 
ies for 
can be 
;d by a 
j of n {n 
. It has 
i struc- 



03.4 




s tetra- 




k(Z = 




ossible 




of the 




' = 2), 




Immm, 




' calcu- 




F4 type 




; group 




ations, 




0 the 




; were 




Dntium 




on 4e, 




:ancies 




b sorts 




After 




:rs the 




>wered 


m 


of an 


,1 


:ancies 


1 


;onsid- 


h sites 


1 




(d) F 6°* U EIeCtr ° n diflfraction P atterns of the (001) Planes for La^Sr^CuO; 



r4/3Cu0 3 .33; (a) n = I; (b) 4; (c) 5.6; 



were refined successively and then simulta- 
neously and the best value of R = 0.081 
(Table IV) was obtained for a total occupa- 

TABLE III 

WwSr^oQj 4o: Atom Positions in the Subcell q 



B 





Sites 


X 


y 


z 




(A 2 ) 


La) 


4(e) 












Sri 


0 


0 


0.357 ± 


0.00] 


0.88 


Cu 


2(a) 


0 


0 


0 




0.85 


Q, 


4(e) 


0 


0 


0.168 ± 


0.002 


1.68 


On 


4(c) 


0 


0,5 


0 




4.25 


a a 


= 3.760 A; 


c — 


12.94 A. 









tion of the O, sites, while vacancies and 
oxygen atoms were distributed over the O n 
sites. The location of the vacancies prefer- 
entially on the O u sites, at the same level as 
the copper atoms, can be considered as 
significant, on account of the relatively 
weak scattering factor of oxygen. This is 
confirmed by the high R value (R = 0. 153) 
obtained for a total occupation of the 0„ 
sites, vacancies and oxygen atoms being 
distributed on the O, sites. The first results 
which are summarized in Table III show 
the atoms are located in positions very 
close to those usually observed in K 2 NiF 4 
type structures. The main difference with 
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TABLE IV 

Lao^Sr^CuOg^: Observed and 
Calculated Intensities for Atomic 
Positions of Table IIP 



h k I 


Arts 


^catc 


0 0 2 


4.0 


4.0 


1 0 1 


13.0 


15.1 


00 4 


17.0 


16.9 


1 0 3 


164.0 


156.1 


1 1 0 


114.0 


115.1 


M2 


0.1 


1.7 


00 6 


29.0 


23.6 


1 0 5 


27.0 


23.5 


1 1 4 


35.0 


34.6 


20 0 


44.0 


49.8 


20 2 


0.1 


0.4 


1 1 61 


26.0 


25.2 


2 1 lj 


3.9 


3.8 


1 0 7 


12.0 


11.1 


2 0 4] 


10.3 


8.2 


0 0 8i 


6.6 


5.3 


213 


48.0 


48.1 


2 0 61 


15.8 


18.1 


2 1 5i 


8.1 


9.4 


1 1 8 


9.0 


7.5 


1 0 9 


0.1 


1.7 


22 0 


9.0 


12.4 


22 2 


0.1 


0.1 


0 0 10 


0.1 


0.8 


30 1 


0.1 


0.7 


2 1 7 


6.0 


7.0 


2 2 41 


3.3 


3.0 


2 0 8/ 


7.6 


6.9 


30 3 


7.0 


8.8 



° Subcell, space group I4/mmm; R 
0.081. 



the ideal structure concerns the existence 
of vacancies located in the same plane as 
the copper atoms (Fig. 2). Moreover, the 
high B value for oxygen of O, sites (4.2 A 2 ) 
suggests that in this plane oxygen and va- 
cancies were ordered. 

Calculations in the actual cell in space 
group 1 4/ mm, were undertaken with 136 
possible reflections, including superstruc- 
ture reflections. Using the position and 
distributions determined from the subcell, 
the R factor increased to 0. 104, showing, of 
course, a weak contribution of the super- 
structure reflections to the R value. The 





I 0 c 










Pi 


-© 















• Cu 

O Oi 




Fig. 2. Ideal drawing of the tetragonal K 2 NiF 4 -type 
structure showing the localization of oxygen vacancies 
forLao.eSr^CuOs^. 



atomic parameters were then refined and 
the R value was lowered to 0.07 for the final 
atomic parameters given in Table V. From 
this table it can be seen that copper atoms 
are not significantly displaced from their 
ideal positions, while the bigger cations La, 
Sr, and the oxygen atoms are only slightly 
displaced from their ideal positions, but 
enough to produce the superstructure 
reflections. These small displacements are 
certainly induced by an order of the oxygen 
vacancies, whose contribution to intensi- 
ties is too small to be detected here. Thus, 
on account of the numerous possibilities of 
order between vacancies, and oxygen 
atoms, and of the weak scattering power of 
these atoms, we did not try any hypothesis 
of distribution. Nevertheless, the very 
likely ordering of vacancies in the "copper 
plane," should also involve an ordering of 
lanthanum and strontium over the different 
sites. Refining the occupancy factors of La 
and Sr, led to an R value of 0.064 which is 
not very significant due to the weak contri- 
bution of La and Sr to the superstructure 
reflexions; a preferential occupation of the 
different sites is, however, likely: A l9 A 4 , 
and A s would only be occupied by stron- 
tium, while lanthanum would occupy 90% 
of A 6 sites, the remaining strontium and 
lanthanum atoms being located statistically 
over the A 2 and A 3 sites. 



Lao. 8 Sr 12 Su03. 4 : Ai 
Acn 



Sites 


X 


A (A*\ 


0 


/\2\ ion) 


0.194 


a s \ i on) 


0.403 


a 4 \ lorn) 


0.200 


A /IA»\ 


0.410 


a cvaw 
A S {3ZU) 


0.389 


A 7 {Za) 


0 


M*Q 


0.200 


A 9 (Si) 


0.400 






A lt (Sh) 


0.405 


A a (\oD 


0.403 


A a (4e) 


0 


A t4 (\6n) 


0.216 


A a (\6n) 


0.382 


^ w (l6m) 


0.182 


A l7 (\6m) 


0.400 


A 16 (320) 


0.400 


A»m 


0.100 


A*>m 


0.300 


A tt (4c) 


0 


AnW 


0.214 


Andbl) 


0.430 


A»(\6l) 


0.300 


A K (\6i) 


0.390 


A„m 


0.200 


AAV) 


0.400 


0 a = 18.804 


A; c = 



IJmmm). 



Discussion 

The stabilization, 
Cu(III) by only heati 
worthy of note. Bui 
characteristic of this 
existence of a Cu(III) 
< x < I) which lies 
regions {x = 0 and a 
strongly related one t 
be explained by two c 
are competitive: the 
stoichiometric K 2 Nil 
LajjCuC^ and LaSrCi 
form a related defect i 
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TABLE V 

Lao.8Sr ltl Su03.4: Atomic Parameters of the 
Actual Cell" 



F 4 -type 
cancies 



:d and 
le final 
From 
atoms 
1 their 
■ns La, 
ilightly 
is, but 
ucture 
tits are 
3xygen 
ntensi- 
. Thus, 
ities of 
Dxygen 
>wer of 
othesis 
5 very 
copper 
iring of 
ifferent 
s of La 
'hich is 
contri- 
xucture 
i of the 
Ai, A 4 , 
/ stron- 
py 90% 
am and 
isticaily 



Sites 




y 


z 


n 
D 

(A z ) 


A Me) 


o 


o 






A.06n) 


0.194 


q 


0 tSQ 


1 Aft 
1 .UU 


AJ\(yn) 


0.403 


A 
\9 


U. JjO 






0.200 


0 700 


U.JJ / 


a n 


A 5 (I6/ti) 


0.410 


0 410 


U.JJO 


1 AA 

I .uu 


AJ320) 


U.J07 


U. 


U. J3/ 


U.OO 


AJ2a) 




u 


u 


0.80 


A.(%iS 




u 


U 


0.51 


AJ&ll 


n doo 


u 


U 


0.43 


| A w (8/.) 


0.200 


0.200 


0 


0.31 


A„(8A) 


0.405 


0.405 


0 


1.00 


1 A a (IW) 


0.403 


0.205 


0 


0.37 


A.,(4e) 


o 


o 

V 


u. i oo 


1 AA 
1 .UU 


A I4 (!6/i) 


0.216 


0 


0.168 


1. 00 


A 15 (I6«) 


0.382 


0 


0.168 


1.00 


A 16 (l6m) 


0.182 


0.182 


0.172 


1.00 


A I7 (l6m) 


0.400 


0.400 


0.168 


1.00 


A 18 (320) 


0.400 


0.202 


0.163 


1.00 


A lB (8i) 


0.100 


0 


0 


1.00 


AJ«0 


0.300 


0 


0 


1.00 


A„(4c) 


0 


0.500 


0 


1. 00 


A»(16/) 


0.214 


0.100 


0 


1.00 


A„(I60 


0.430 


0.100 


0 


1. 00 


A„(16/) 


0.300 


0.200 


0 


1.00 


A„(16/) 


0.390 


0.310 


0 


1.00 


A*(8/) 


0.200 


0.500 


0 


1.00 


A^S/) 


0.400 


0.500 


0 


1.00 


° fl = 18.804 
I 4 /mmm). 


A; c 


= 12.941 


A (space 


group 



Discussion 

The stabilization, in this system, of 
Cu(m) by only heating the oxides in air is 
worthy of note. But the most important 
characteristic of this system concerns the 
existence of a Cu(III) composition range (0 
< x < 1) which lies between two Cu(II) 
regions (x = 0 and x > I), for structures 
strongly related one to the other. This can 
be explained by two opposite effects which 
are competitive: the trend to preserve a 
stoichiometric K 2 NiF 4 structure as for 
La2Cu0 4 and LaSrCu0 4 and the trend to 
form a related defect structure but with an 



ordering of the oxygen vacancies. Thus, 
rather close to the stoichiometric com- 
pound La2Cu0 4 (x < I), the trend to stoi- 
chiometry is favored and the vacancies 
formed from the nominal compositions in- 
volving only Cu(II) are partly balanced by 
the oxidation of Cu(II) to Cu III. For jt > I , 
i.e., rather far from stoichiometry, the 
La 2 Cu0 4 or "LaSrCuO/' stoichiometric 
compounds cannot be stabilized any more 
and orderings of the oxygen vacancies ap- 
pear leading to different microphases as 
observed from the electron diffraction 
study, favoring Cu(II) with smaller coordi- 
nations (2, 5). 

Structure is not, of course, the only fac- 
tor governing the relative stability of Cu(II) 
and Cu(III) in these oxides. Kinetics play 
an important part for determining the ratio 
Cu(ni)/Cu(II) in the richer Cu(III) oxides. 
For 0 < x < I , we have indeed noticed that 
the pure compounds could only be synthe- 
sized by heating at least 12 hr at the forma- 
tion temperature (Table I) in order to en- 
sure a good crystallization. Annealing the 
same samples at the same temperature, 
during longer periods (24 hr) allows us to 
prepare pure phases with the same struc- 
ture, but with greater amount of Cu(III). 
The oxygen pressure will also influence the 
Cu(III)/Cu(n) ratios. Heating, for exam- 
ple, some Cu(III) samples at low tempera- 
ture under vacuum, involves a decrease of 
Cu(III) amount without destroying the 
structure. In the same way, a reaction 
under oxygen allows us to increase the 
Cu(III) amount. 

The influence of the Cu(III) amount can 
also be detected by considering the struc- 
tural evolution, especially the c parameter, 
of these compounds as a function of com- 
position (Fig. 3). This evolution is rather 
complex and quite different from that usu- 
ally observed for single solid solutions. The 
substitution of strontium for lanthanum, 
should not affect this evolution, due to the 
similar sizes of these cations. It seems 
interesting to take the Cu(II) compounds as 
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112 . 



131 - 



13.0- 




02 



04 06 0.8 10 

Fig. 3. Evolution of the * 4 c" parameter as a function of x. 



a reference (dotted lines). Although we 
have only our compositions for comparison 
it can be seen that from La^Cu^ to 
Lao.7Sr 1 . 3 Cu II 03.35 , a continuous decrease of 
a and c parameters could be foreseen for all 
Cu(II) compounds, as x increases, in agree- 
ment with the increase of oxygen vacan- 
cies. This evolution is not linear, probably 
due to ordering of the vacancies observed 
for different compositions. What is worthy 
of note is the large deviation from this law 
observed for the only compounds contain- 
ing Cu(III) (continuous line): the c parame- 
ter is greater than that obtained from the 
* 'reference line" corresponding to the pres- 
ence of Cu(II) only, while the a parameter 
is smaller. Moreover, the largest devia- 
tions are observed for x = 0.33 which 
corresponds to the maximum value of 5 (5 
= 0.119), i.e., for the greatest amount of 
Cu(III). It can thus be observed that the c/ a 



ratio increases with the Cu(III)/Cu(II) ratio 
in agreement with the observations previ- 
ously made by Goodenough et al. (3). At- 
tempts to modify the a and c parameters for 
x = 0.16 and 0.5, were successful: heating 
these compounds under vacuum at 500°C 
led to a decrease of c and a slight increase 
of a , while a decrease of the Cu(III)/Cu(II) 
ratio was confirmed. 

Condusion 

The stabilization of a great number of 
oxygen vacancies in the K 2 NiF 4 -type struc- 
ture has been shown. It is easily explained 
by the ability of copper to show square and 
square-pyramidal coordinations. During 
the synthesis in air, two phenomena are 
competitive: the substitution of Cu 3+ for 
Cu 2+ , and ordering of oxygen and vacancies 
involving the existence of microphases. 



The influence of the o; 
formation of these str 
tigated. The relations I 
properties and the stn 
will be studied. 
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The influence of the oxygen pressure on the 
formation of these structures will be inves- 
tigated. The relations between the electrical 
properties and the structure of these oxides 
will be studied. 
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ABSTRACT 

A new oxygen defect perovskite BaLa^Cu^O] 3^, characterised by a alked 
valence of copper has been Isolated ; the parameters of the tetrajtonat 
cell are closely related to that of the cubic perovskitera * 8,644(4) A 
«« and c « 3.867(3) X » a^. The X-ray diffraction study shows 
that the atoms are displaced £rom their ideal positions in the cubic 
cell, owing to the presence of ordered oxygen vacancies. The s tody of 
conductivity, magnetic susceptibility and thenaoe lee trie power versus 
temperature shows that this oxide is a very good Metallic conductor. 



IITTOOgCTION 

Oxygen defect perovskateis, have been note extensively studied these 
last years owing to their potential applications in catalysis, el£ctr»cata-- 
lysis or as gauges (1-3). In this respect adxed valence copper oxides offer 
a wide field for investigation : several perovsfcites (4) or perovskite-rela- 
ted structures have been isolated (5-6). These materials in which copper 
takes several coordinations simultaneously and a valence state intermediate 
between II and III can intercalate large amounts of oxygen according to the 
oxygen pressure and the temperature. Their electron transport properties 
ranging from serai-conductive to metallic (7) are closely correlated to the 
amount of intercalated oxygen. 

The present paper deals with a new oxygen defect perovskite 

'* SL *4f*&i*A* ls like >*3^3Q«6 0 H*5 '<*) * valence copper oxide 

Out whose behavior is quite different. 

EXPERIHEKTAL 

Synthesis 

Sauries were prepared in platinum crucible and in air from appropriate 
mature* of dried oxides LagOj, CuO and carbonate BaCO^ The mixtures were 
first heated a few hours at §O0*C, ground and heated at 1000 'C during several 
hours. They were then ground again, and mixed with an organic binder, coar- 
preased into bars and then slowly heated up to I00O*C. After 24 hours or 
•ore at 1000*C, the bars were finally quenched to room temperature, The use 
of a binder was necessary to avoid that the compressed bars break before 
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beating. In these conditions the compactness of bars was of about do X. 
Chemical analysis 

In order to determine the oxidation state of the transition metal ions, 
chemical analysis were carried oat by iodoaetric titration using KI and by re- 
duction in a f low of 25 1 hydrogen in argon up to about 100Q*C using a SETARAM 
sdcrobalance for weight loss measurements* 

Structural analysis 

The cell parameters were determined from X-ray powder dif f ractogramms 
„ registered with a Philips goniometer using Cu radiation. The space group 
was dete rained by electron diffraction using a JEOL I20CX electron nicroscope. 

Magnetic and electrical measurements 

The magnetic susceptibility was meaaured on powders by the Faraday «e- 
thod in the range 80-300K using a Cahn RG microbelance. 

The conductivity was measured by the four points method on sintered bars. 
It was calculated by measuring the in tensity /voltage ratio between the points 
in feach current circulation direction in order to miniiaise the di«syisietry ef- 
fect between the contacts* the Seebeek coefficient was measured on the same 
sintered bars hold between two Ft heads* 

Measurements were carried out up to 600K tinder an helium pressure of 
200 mbars for T < 290K and in air for T > 290K in order to avoid possible de- 
parture of oxygen. 



The scanning of the system La^O^-BaO-CuO for the compositions correspon- 
ding to the molar ratio (La + Ba)/Cu « I allowed us to isolate a perovskite 
for La/Ba * 4. Xfce X-ray diffraction pattern of this compounds presents be- 
sides the intense lines which can be indexed in a cubic perovskite cell, extra 
lines which are rather weak* Ibis feature is confirmed by the electron dif* 
fraction study, which shows superstructure reflections, leading to a tetra- 
gonal cell whose parameter* are related to tie cubic perovskite subcell (a ) 
as follows i B 

a - a, c - & 

P P 

all the lines of the X-ray diffraction patterns can be then 
indexed with accuracy in the tetragonal system with a - S,n44(4) I and c • 
3*867(3) A. Ro reflection conditions are observed, the analysis of the oxy- 
gen content leads to the formulation BaXa^Cn^Ot^ involving the presence 
eiaultaneousiy of Cu(II) and Cu<lIX) in spite of * the presence of numerous oxy- 
gen vacancies (10; 7 X) . The measure of the density by pyenooetry in benzene 



a great similarity with the oxygen defect percrvskite Ba^ 
previously described. However, this compound is very differtnt'froB - 
BajLa^Cu^O^^ from the point of view of the oxygen intercalation t no inter- 
calation or desintercalation of oxygen bac been observed by annealing this pha- 
se at low temperature (400 *C to 500*C) and under different oxygen pressures up 
to 1 bar contrary to BajLajjCUpO^^. In the same way» no oxygen loss has been 
observed by TC& measurement* for temperatures up to 6$0j 7$0 end 850*0 and 
under oxygen pressure* of 0.02 » 0.2 and I bar respectively* 

Taking into account the fact that the fundamental lines are indexed in a 
cubic perovskite cell and are strong with respect to the superstructure lines 
it was interesting to determine whether the metallic atoms were displaced 
from their ideal positions in the perovskite v or if the superstructure lines 
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eere only due to the ordering of oxygen vacancies. Bovever, owing to the 
foall amount of oxygen vacancies it was not likely to determine the dtatti- 
trtjtion of the oxygen atoms by X-ray ponder diffraction. Thus the structural 
fttody was ondertAken for the composition La^BaCu^j^ just to determine the 
positions of the atoms with respect to the cubic perovskite anbcell. Eight 
*pace group 6 were possible, they were reduced to three PA, F? and F4/m ta- 
king into account the analogy with the perovskite structure. Calculations 
«ere carried out in the most symmetrical apace group P4/m. For a ranging 
from 0 to 48^ , 37 peaks i.e. 84 hkl were registered. The disparity between 
pjtfcX and F hkl led us to introduce 139 hkl in the calculations. In the same, 
angle r nge 13 diffraction peaks (14 hkl) were indexed in the cubic perovski- 
te cell with a « 3.867 A, and used in a calculation with the atoms in the 
ideal positions of the cubic perovskite cell, involving only a refinement 
of the thermal factors B ; this first refinement led to a discrepancy ' factor _ 
R - E|l obs - I calc|/£ I oh*, of O.066 with B(La, Ba) - 1.2 A 2 , B(Cu) « 2.6A 2 
S{0> " 3.9 A 2 . Hie high B values let us think that the atoms were displaced 
from their ideal positions, A calculation carried ottt with all the internai^ 
ties in the F4/m space group end tfce same ideal positions and overall B > J A 
{Table la) « led to B - 0.35 in agreement witi this point: of view. Starting 
froin these ideal positions, and assuming a statistical distribution of the 
oxygen vacancies in the oxides Bal^Cu^Oi}^, the R factor was lowered to 
0.083, by refinement of the atomic parameters, the B factor being fixe at 
1 I?. From the final atomic parameters (Table Lb) it can be seen that se- 
veral atoms are displaced from their ideal positions in the cubic perovskite. 
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TABLE 1 

Atomic Parameters of BaLa 4 Cu 5 0j 3 4 (a) ideal positions (b) after refinement in 
the space group P4/m 



Atom 



Site 



(a) 
Y 



(b) 

Y 



Ba, La 

Ba, La 

Ou 

Cu 

0 

0 

0 

0 

0 



Kd> 
4(k) 

1(a) 
4<j) 
I(P) 
2(e) 
4(j) 
Mi) 
4(k) 



0.5 
0,1 
0.0 
0.4 
0.0 
0*0 
0.3 
0*2 
0.4 



0.5 
0.3 
6.0 
0.2 
0.0 
0.5 
o,4 

0.1 
0.2 



0,5 
0.5 
0.0 
0.0 
0.5 
0.0 
0.0 
0.0 
0.5 



0.5 

0.124(1) 
0.0 

0.415(3) 

0.0 

O.O 

0.261(7) 
0.229(8) 
0,428(10) 



0.5 

0.277(1) 
0.0 

0.168(2) 

O.O 

0.5 

0,384(8) 
0.063(6) 
0. 155(6) 



OJ* 
0.5 
0.0 
0.0 
0,5 
-O,0 
0,0 

0.6 

0.5 



Further refinements, concerning the ordered distribution of oxygen 
ia this structure, which is moat probable, were not carried out due to the 
rather low content of oxygen vacancies, and the too small number of ref le- 
ctions. 

This oxide is a very good conductor 5 its conductivity is about 
1.6 lo (0 cm)'-* at room temperature. Figure 1 which represents cbe resistivi- 
ty - - 

(Y 



of 



0 versus teim>eratnre f shousthat this oxide exhibits a metallic conduct ivi- 
from 200 to 600K. The y value deduced from the equation p - p 0 O*Yt) 
-4.1 10~3 C~>) is very close to that of free electrons (7 - 3.7 10~ 3 C~ l ) , 

The molar magnetic susceptibility is very weak and nearly independent 
temperature, this suggests a Paul! paramagnetism which is characterise 
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Resistivity plotted as a function of temperature 



300 



tic of de local iced carriers. The Pauli susceptibility (8) calculated with 
nr*/m * 1 arid for one carrier per Cu(III) (X w = 5.3 10~ 5 e.m.u) is however one 
order of magnitude lower than the experiioental value : *h " 6 *0~* ^.m.u- the 
increasing of the Pauli susceptibility up to the experimental value needs 
tri /m * JO, This suggests a* strongly correlated carriers gaz (degenerated 
spin polar on %&z) which was; introduced by Matt ($) to explain tfce magnetic 
suscep Nihility of LaCuO^ and LaNiOj which ire metals (10) . At tooa tempera- 
ture, the Seebeck coefficient is also very weak, and positive (<x ~ 9 uVK~*) 
and increases slightly with tenq^rature («500K * 18 uvTT l ) (Fig. 2). this 
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FIG- 2 

Evolution of the thermoelectric pover as un function of absolute temperature- 
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THERMAL BEHAVIOUR OF COMPOSITIONS TN THE SYSTEMS 
x BaT10 3 ♦ (1-x) Ba <^ Q 5 B 0 s )0 3 

V.S. Chlncholkax* and A.R. vyawahare 
Department of Chemistry, Institute of Science, Nagpur 

ABSTRACT 

The effect of temperature on the dielectric constant (£) # 

tan 6 (loss tangent) and the ferroelectric properties of 

compositions in the systems x BaTiO. ♦ (1-x) Ba(Ln A r B A Jo 

3«. 3 '0.50. 5 3 

(0<x<i, Ln a a rare earth cation and B 5 * = Ta,tfb,v) 

reveal that in the Ta S * system at x * 0.8, the £ (£ at 

max 

T c ) and T c (the Curie-point) exhibit an increasing trend 
with decreasing ionic radii of the Xa 3 * ions, whereas in 
the analogous Nb 5 * system, an almost linear behaviour has 
been observed. In the v 5 * system* the pure phases (x * 0) 
exhibit increasing trend of fi MW and T values with de- 

ZuoX C 

creasing rare earth cation size. Phases with x = 0.8, exhibit 
a break at Nd 3 * in E MJ( values, in contrast to an increasing 
trend in T c values with decreasing rare earth cation si*e. 
Similar behaviour is observed for the polarization, data. The 
increasing trend in the t values in the direction Ta 5 *-Nb 5+ - 
V at x = 0.8 is perhaps reminiscent of the nephelauxetic 
effect. 

The T c values for these first order transitions have been 
confirmed by recording DTA curves against inert a-Al^Oj, the 
enthalpy change, however, being appreciably low in the pre- 
sent series. 

INTRODUCTION 

Recently emphasis has been placed on laser research and a 
concentrated effort has brought new and improved materials 
which can be used as hosts for transition. An important part 
of this effort has been directed towards finding potential 
laser materials having fluorescent energy states with long 
life times. Tn order to determine^ if symmetry conditions in 
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crystals also affect the life time of rare earth ion fluores- 
cence, a series of ordered perovsklte compounds having the 

general formula *t B o.5 B o.5 )0 3 were studied C 1 ]-[7J. However, 
temperature effects and doping characteristics vere not stu- 
died. The present work concerns with the formation and the 
thermal characteristics of compositions in the systems 
x BaTi0 3 * (1-x) Ba f^ 0 .5 B 0-S >o 3 vhere 0*5x^1, u* 3 * « a rare 
earth cation and Y. 0 s * = Kb 5 *, Ta 5 * and V 5 \ 

EXPERIMENTAL PROCEDURE 
The compositions were prepared by the solid state reaction 
of the parent compounds (carbonates* oxides) at high tempera- 
ture as described elsewhere 18], [9]. Room temperature X-ray 
structure was determined using Debye-Scherrer camera (14 cm 
diameter) and nickel-filtered Cu-Kq radiation. Temperature 
effects on the dielectric constant (capacitance) and loss 
tangent (tan 6) were measured using a 716-C GR capacitance 
bridge together with type 1340-B type audiobeat frequency 
generator and 1231-8 type u null detector and amplifier with 
1231 J? 5 type variable filter in a sample holder designed in 
this laboratory (10). 

Modified [11 J Sawyer-Tower type circuit was used to record 
hysteresis loops aa a function of temperature in the above 
sample holder and a MOM Derivatograph was uaed to record DTA 
curves against a-Al 2 0 3 as reference. 

RESULTS AND DISCUSSION 
Tables 1-3 show the room temperature £ values as also the 
£ max and the Curie-point (T e > values evaluated from the capa- 
citance measurements for compositions in the various systems. 
The temperature study e was restricted to x * 0.8 compositions 
in the Ta , Nb systems and over the entire composition 
range in the V S * system which exhibited the transition in the 
whole range of compositions. Table 4 shows these parameters 
at x = 0 for compositions in the V 5 * system. In all the sy- 
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stems* an increasing trend in as also is observed 

* max c 

with decreasing rare earth cation size, and is perhaps remini- 
scent of the lanthanide contraction. 



max 



Table , 1 

and T values for compositions in the Ta 
c 



5* 



system 



rare" 


Composition 


€ 25°C 


P s 




T c 








Uc/cm 2 } 




ro 




9a(La 0.1 Ta 0.1 Ti 0.« )O 3 


200 


4.5 


780 


85 




Ba(Nd 0.l Ta 0.1 Ti O.B )0 3 


250 


6.0 


850 


90 


m 


Bats Vi Ta o.i T1 o.a )0 3 


342 


8.1 


1050 


92 


»era~ 


B^Gd 0 lT a 0 1 Ti 0#|} )O 3 


480 


8.5 


1120 


96 


ray 


BatD yo.1 Xa 0. 1 T1 0.8 ,O 3 


530 


8.9 


1400 


100 


cm 

re 


Ba< W*0.1 Ti 0.e ,O 3 


580 


9.6 


1830 


110 


s 




Table 
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S ^0 P And T values for compositions in 
max s c 


the systems Nb * 


r 

fith 


Ba,l4 O.i ltt 0.1 Ti 0.8 ,O 3 


232 


5.3 


S80 


90 


in 


Ba(Nd 01 »b 0>1 Ti 0 8 )0 3 


260 


6.2 


900 


100 


Ba ' Stt 0.1 t,b 0. 1 ' ri 0.8 ,0 3 


290 


8.4 


1100 


107 


rd 


8 *«*0 .l Nb 0 .1«0 .8 ,C> 3 


380 


9.2 


1220 


110 


ra 


Ba (t.y 0 lH b Q ^i 0>8 )o 3 


415 


9.8 


1350 


115 


DTA 


Ba(5f 0.1 Nb 0.T Ti 0.e ,O 3 


530 


10.2 


1600 


118 
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the V S * 






* ^ . P„ and T values 
max s c 


for compositions in 


system 




Ba(L ViVi Ti o.8>°3 


170 


4.5 


1100 


93 


apa- 


Ba(Hd 0.lVl Ti 0.8 ,O 3 


225 


3.5 


840 


124 


ems* 


Ba < S *0.lVl Ti 0.8 )O 3 


280 


7.5 


1130 


130 


tions 


Ba(Gd 0.1 V 0.1 Ti 0.6 ,O 3 


350 


8.2 


1290 


135 
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B * ( *0.1 V 0.1 Ti 0.8 )O 3 
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Compos iti 



on 



* aLa o.i*Vi«o.a>° 3 

Ba(La 0.1 Nb 0. 1 Ti 0 . 8 )O 3 




A glance at the A H values reveal dilution of th„ a» , 

. c _ f Ta * ha6es ' no cha »*« with addition of m, s * 
*ascs and a substantial increase with incorporate o, V S- 

Another significant result of the present study is the obser 
vation of merging r Q „ f , valu es „ ith decreasing 
keeping the Ln 3 * ioB fixed, i„ ^e se^ence *a* W*.^ 
Considering the energy level diagram of an octahedrally sur- 
rounded metaX ion with configuration <»p>«, w e expect' Ta S * te 



he more ionic 
this the elec 
"ill be less 
justified by 
these ions x 
Wrgensen has 
that the elec 
k^-v 5 * and 
transition me 
c al bond becoi 
Our results aj 



Fifth ioni«ati 



Ion 



>5* 



Nb 
Ta 



5* 
5* 



MJ r. Galassc 
Report OAS 

P. Galassc 
51 (1959) 

I3J P. Calasso 
«3 (1961) 

[4] T . Galasso 

rsj r. Galasso 

16] P- Galasso 

[7] F. Galasso 

(e) v.s. Qhinc 



FEB 17 2005 14:28 
01/80 'd 



301 595 9279 PAGE. 08 

biyoNtcoiy-wai ad qs-.pi 2002 <lt 83d 



FRQn : WASHINGTON BIBLIOGRfiPMC SUC. PHONE NO, ; 301 595 9279 



Feb. 17 2035 05:04Ptt PS 



254 



at 



2*5 



h 

or 



be tnore ionically bonded than Nb 5 * and V^* 



as a result of 

this the electron density in the t- -orbital of the Ta 5 * ion 

will be less than that in the case of Kb , V . This is also 

justified by considering the fifth ionization potential of 

these ions T (Table €1 which also increases in this sequence. 

Jtfrgensen has concluded from the electron transfer spectra 

M 5* 

that the electron affinity increases *n the sequence Ta - 
Nb 5 *-v 5+ and from the reduced Racah parameters of several 
transition metal ions (nephelauxetic effect) that the chemi- 
cal bond becomes more covalent in the sequence 5d-4d-3d group. 
Our results are consistent with the observations of Jrfrgensen. 



e 
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or- 
dli, 

r- 
to 



Table 6 

Fifth ionization potential and electron configuration of B 

metal ions 



5* 





Ion 


Electron configuration 


I s (eV) 




v 5 * 
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PHYSICAL REVIEW B VOLUME 38, NUMBER 10 1 OCTOBER 1988 

Model family of high-temperature superconductors: Tim Ca, - iBa 2 Cu„ 0 2 ( m + 1 ) + « 

(m-l,2;/t-l,2,3) 

S. S. P. Parkin, V. Y. Lee, A. I. Nazzal, R. Savoy, T. C. Huang, G. Gorman, and R. Beyers 
IBM Research Division, Almaden Research Center, 650 Harry Road. 
San Jose, California 95120-6099 
(Received 31 May 1988) 

We describe the structures and superconducting properties of six compounds in the Ti-Ca-Ba- 
Cu-O system of the general form, TUCa,- ^Cu^Oiu where m-1 or 2 and 2, or 
3. One of the compounds displays the highest known superconducting transition temperature, 
7V-125 K. The structures of these compounds consist of copper perovskitelike blocks containing 
1, 2, or 3 CuOj planes separated by one or two Tl-O layers and thus form a model family of 
structures in which both the size and separation of the copper oxide blocks can be independently 
varied. The superconducting transition temperature increases with the number of CuOa planes m 
the perovskitelike block for both the Tl-O monolayer and bilayer compounds. For each pair of 
compounds (m-1.2) with the same number of OxOi planes (same n\ the transition tempera- 
tures are similar but are consistently 15-20 (C tower in the materials with single Tl-O layers. 
Variations in the transition temperatures in the double and triple CuCMayer compounds are ob- 
served to correlate with increased densities of intergrowths of related structures. 



Recently 1 " 7 several new high-temperature supercon- 
ductors have been synthesized in the Tl-Ca-Ba-Cu-O sys- 
tem, including n 2 Ca 2 Ba 2 Cu3Oi 0 ±x. which displays the 
highest superconducting transition temperature yet found, 
T c - 125 K. 3 In this article we present data on the struc- 
tures and superconducting properties of six compounds of 
the form Tl m Ca„-iBa 2 Cu n O20,+o+m, where m-1 or 2 
and ii- 1, 2, or 3. The structures consist of copper 
perovskitelike blocks containing 1, 2, or 3 CuOa planes 
separated by one or two Tl-O layers. These compounds 
thus form a model family of structures in which both the 
size and separation of the copper blocks can be indepen- 
dently varied. We present data that establish that the su- 
perconducting transition temperature increases with the 
number of Cu0 2 planes in the perovskitelike block for 
both the Tl-O monolayer and bilayer compounds. For 
each pair of compounds (m - 1, 2) with the same number 
of Cu0 2 planes (same n\ the transition temperature is 
15-20 K lower in the material with single Tl-O layers. 
Variations in the transition temperatures in the double 
and triple Cu0 2 layer compounds are observed to corre- 
late with increased densities of intergrowths of related 
structures. 

The samples were prepared by thoroughly mixing suit- 
able amounts of TljOs, CaO, Ba0 2 , and CuO, and form- 
ing a pellet of this mixture under pressure. The pellet was 
then wrapped in gold foil, sealed in a quartz tube contain- 
ing slightly less than 1 atm of oxygen, and baked for ap- 
proximately 3 h at =880°C. A wide range of starting 
compositions was studied. In most cases the resulting pel- 
let was comprised of several phases. However, for certain 
ranges of starting compositions, the pellets contained only 
one superconducting phase of the form TlmCa^-iBar 
Cu„O20,+i)+ m together with minor amounts (< =20%) 
of insulating oxides such as those of Cu, Ca-Cu, Ba-Cu, 
and Tl-Ba. The relative amounts of each phase depended 
on the annealing time and temperature and the rate of 
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cooling from this temperature. In particular, for slow 
cooling rates (=tOO°C/h) the composition of the major 
Tl m Ca II -iBa 2 Cu„0 2 ( II +i)+m phase more closely matched 
that of the starting composition. The composition and mi- 
crostructure of the pellets were determined from comple- 
mentary powder x-ray diffraction, electron microprobe, 
electron diffraction, and high-resolution transmission elec- 
tron microscopy (TEM) studies. The superconducting 
properties of each pellet were examined by resistivity and 
dc Meissner susceptibility studies. The latter was mea- 
sured with a SHE SQUID magnetometer. Cooling in a 
field of 100 Oe, the magnitude of the Meissner susceptibil- 
ity at 5.5 K ranged from 10% to 35% of the susceptibility 
of a perfect diamagnet of the same volume, neglecting 
small demagnetizing corrections. The magnitude of the 
diamagnetic shielding signal is very dependent on the dis- 
tribution of the normal and superconducting phases within 
the multiphase pellets and in most cases did not give use- 
ful information. The susceptibility data revealed that for 
some pellets the presence of a minority superconducting 
phase resulted in the resistance of the pellet dropping to 
zero at substantially higher temperatures than the T e of 
the majority superconducting phase. This type of behav- 
ior emphasizes the importance of determining the transi- 
tion temperature from a flux exclusion measurement in 
this complex quinary system. These results are summa- 
rized in Table I. 

We have previously described the preparation and prop- 
erties of the three members of the Tl m Ca„-iBa 2 Cun- 
O 2 o,+i)+m family, namely Tl 2 Ca 2 Ba 2 Cu 3 Oio (2:2:2:3), 
TJ 2 Ca 1 Ba 2 Cu 2 Og (2:1:2:2), 3 and TliCa^azCujOj 
(1-2-2-3), 4 which display superconducting transition tem- 
peratures of 125, 108, and 110 K, respectively. By sys- 
tematically varying the starting composition of the pellets, 
the related compounds, T> 2 Ca 0 Ba 2 CuiO x 0:0:2:1), 
TliCaoBa 2 CuiO x (1:0:2:1), and Tl,CaiBa 2 Cu 2 O x 
(1:1:2:2) were synthesized. The unit cells for each phase 

6531 © 1988 The American Physical Society 
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S. S. P. Parkin, V. Y. Lee, A. I. Nazzal, R. Savoy, T. C. Huang, G. Gorman, and R. Beyers 
IBM Research Division, Almaden Research Center, 650 Harry Road, 
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We describe the structures and superconducting properties of six compounds in the TI-Ca-Ba- 
Cu-O system of the general form, TUCa* - 1 Ba 2 (XO20i + 1 ) +« , where m-1 or 2 and n-1, 2, or 
3. One of the compounds displays the highest known superconducting transition temperature, 
T c — 125 K. The structures of these compounds consist of copper perovskitelike blocks containing 
1, 2, or 3 CuOi planes separated by one or two Tl-O layers and thus form a model family of 
structures in which both the size and separation of the copper oxide blocks can be independently 
varied. The superconducting transition temperature increases with the number of Cu02 planes in 
the perovskitelike block for both the Tl-O monolayer and bilayer compounds. For each pair of 
compounds (m-1,2) with the same number of Cu0 2 planes (same ft), the transition tempera- 
tures are similar but are consistently 15-20 K lower in the materials with single TI-O layers. 
Variations in the transition temperatures in the double and triple Cu02-layer compounds are ob- 
served to correlate with increased densities of intergrowths of related structures. 



Recently 1 ' 7 several new high-temperature supercon- 
ductors have been synthesized in the Tl-Ca-Ba-Cu-O sys- 
tem, including n 2 Ca2Ba2Cu30io±jr, which displays the 
highest superconducting transition temperature yet found, 
7f-125 K. 3 In this article we present data on the struc- 
tures and superconducting properties of six compounds of 
the form TJ M Ca„- 1 Ba 2 Cu„02(„+i)+ m , where m-1 or 2 
and /i— 1, 2, or 3. The structures consist of copper 
perovskitelike blocks containing 1, 2, or 3 Q1O2 planes 
separated by one or two Tl-O layers. These compounds 
thus form a model family of structures in which both the 
size and separation of the copper blocks can be indepen- 
dently varied. We present data that establish that the su- 
perconducting transition temperature increases with the 
number of Cu0 2 planes in the perovskitelike block for 
both the Tl-O monolayer and bilayer compounds. For 
each pair of compounds (m —1, 2) with the same number 
of O1O2 planes (same #1), the transition temperature is 
15-20 K lower in the material with single Tl-O layers. 
Variations in the transition temperatures in the double 
and triple Cu0 2 layer compounds are observed to corre- 
late with increased densities of intergrowths of related 
structures. 

The samples were prepared by thoroughly mixing suit- 
able amounts of TI2O3, CaO, Ba0 2 , and CuO, and form- 
ing a pellet of this mixture under pressure. The pellet was 
then wrapped in gold foil, sealed in a quartz tube contain- 
ing slightly less than 1 atm of oxygen, and baked for ap- 
proximately 3 h at =*880°C. A wide range of starting 
compositions was studied. In most cases the resulting pel- 
let was comprised of several phases. However, for certain 
ranges of starting compositions, the pellets contained only 
one superconducting phase of the form TUiCa*_,Ba 2 - 
Cu n 02(i,+i)+ m together with minor amounts ( < =20%) 
of insulating oxides such as those of Cu, Ca-Cu, Ba-Cu, 
and Tl-Ba. The relative amounts of each phase depended 
on the annealing time and temperature and the rate of 
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cooling from this temperature. In particular, for slow 
cooling rates (=100°C/h) the composition of the major 
H m Ca A -iBa2Cu n 0 2 < l ,+i)+ m phase more closely matched 
that of the starting composition. The composition and mi- 
crostructure of the pellets were determined from comple- 
mentary powder x-ray diffraction, electron microprobe, 
electron diffraction, and high-resolution transmission elec- 
tron microscopy (TEM) studies. The superconducting 
properties of each pellet were examined by resistivity and 
dc Meissner susceptibility studies. The latter was mea- 
sured with a SHE SQUID magnetometer. Cooling in a 
field of 100 Oe, the magnitude of the Meissner susceptibil- 
ity at 5.5 K ranged from 10% to 35% of the susceptibility 
of a perfect diamagnet of the same volume, neglecting 
small demagnetizing corrections. The magnitude of the 
diamagnetic shielding signal is very dependent on the dis- 
tribution of the normal and superconducting phases within 
the multiphase pellets and in most cases did not give use- 
ful information. The susceptibility data revealed that for 
some pellets the presence of a minority superconducting 
phase resulted in the resistance of the pellet dropping to 
zero at substantially higher temperatures than the T c of 
the majority superconducting phase. This type of behav- 
ior emphasizes the importance of determining the transi- 
tion temperature from a flux exclusion measurement in 
this complex quinary system. These results are summa- 
rized in Table I. 

We have previously described the preparation and prop- 
erties of the three members of the n m Ca / ,-iBa2Cu n - 
O20,+i)+« family, namely H2Ca 2 Ba2Cu 3 Oio (2:2:2:3), 3 
ThCa^C^Og (2:1:2:2), 3 and Tl^BajO^ 
(1:2:2:3), 4 which display superconducting transition tem- 
peratures of 125, 108, and 110 K, respectively. By sys- 
tematically varying the starting composition of the pellets, 
the related compounds, Tl2CaoBa 2 CuiO x (2:0:2:1), 
TliCaoBa 2 CuiO x (1:0:2:1), and TliCa I Ba 2 Cu 2 0, 
(1:1:2:2) were synthesized. The unit cells for each phase 
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TABLE I. Summary of properties of TL*Ca a - 1 Ba 2 Cu„Ox 
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(Jonc. 




Relative composition 






Lattice parameters 


Superlattice 




ratio 


Tl 


Ca 


Ba 


Cu 


O 


Symmetry 


a (A) 


c (A) 


wave vector (k) 


T c (K) 














ThCa.-! 


Ba 2 Cu n O Jt 








1:0:2:1 


1.2 


U.U 


2 


0.7 


4.8 


P4/mmm 


3.869(2) 


9.694(9) 


a 


b 


1:1:2:2 


1.1 


0.9 


2 


2.1 


7.1 


P4/mmm 


3.8505(7) 


12.728(2) 


(0.29,0,0.5) 


65-85 


1:2:2:3 


1.1 


0.8 


2 


3.0 


9.7 


PA/mmm 


3.8429(6) 


15.871(3) 


(0.29,0,0.5) 


100-110 














ThCa*-! 


Ba2Cu*O x 








2:0:2:1 


1.9 


0.0 


2 


1.1 


6.4 


F/mmm c 


a -5.445(2) 


23.172(6) 


(008,0.24,1 ) e 


b 
















b -5.492(1) 








2:0:2:1'' 


1.8 


0 


2 


1.1 


6.4 


F/mmm G 


a -5.4634(3) 
b-~a 


23.161(1) 


(008,0.24, 1> C 


20 


2:0:2:1 


1.8 


0.02 


2 


1.1 


6.3 


J4/mmm 


3.8587(4) 


23.152(2) 


(Ol6,0.08,I) e 


15-20 


1*1:2:2 


1.7 


0.9 


2 


2.3 


8.1 


lAlmmm 


3.857(1) 


29.39(1) 


<0.17,0,1> 


95-108 


2:2:2:3 


1.6 


1.8 


2 


3.1 


10.1 


J4/mmm 


3.822(4) 


36.26(3) 


<0. 17,0,1) 


118-125 



•No superlattice spots observed. 

^onmetallic or weakly metallic samples with no superconducting transition observed in resistivity and magnetic susceptibility studies 
for temperatures down to 4.2 K. 

The symmetry of the structure is orthorhombic if the observed superlattice is ignored. Taking the superlattice into account lowers 
the symmetry to monoclinic. 

d Sample prepared from a Cu-ricb starting composition, TfeBaaCu;. 

The superstructure is identical to that for the orthorhombic 2:0:2:1 polymorph. 

Tl m Ca n -iBa 2 Cu n 02(n+i)+f« family can be uniquely 
identified. The peak systematically shifts to lower angles 
as n increases within both the TliCa ll -|Ba2Cu (l 02 fl +3 and 
T^Ca* - 1 Ba2Cu„C>2/» +4 families, consistent with an ex- 
pansion of the unit cell along the c axis by the addition of 
extra G1O2 and Ca planes. The peaks are in all cases at 
lower angles in the T^Ca,, - \ Ba2Cu n 02n +4 compounds 
compared to the corresponding Tl 1 Ca„ - 1 Ba 2 Cu„ + 3 
compound, consistent with the increased number of Tl-O 
layers in the ThCa fl -iBa2Cu ir 02*+4 compounds. The 
peaks are asymmetrically broadened to low angles be- 
cause of geometrical aberrations in the focusing condition 
resulting from the flat specimens used. 8 The arrangement 
of the cations in the various compounds is shown in Fig. 2. 
The positions of the oxygen atoms are inferred by compar- 
ison wjth related structures in the La 2 - x Sr x Cu04, 
¥8320130,, and Bi2Sr 2 CaiCu 2 O x families. 9 " 11 The six 
structures are comprised of Cu perovskitelike blocks con- 
taining one, two, or three Cu0 2 planes sandwiched be- 
tween Tl-O monolayers (1:0:2:1, 1:1:2:2, and 1:2:2:3 com- 
pounds) or bilayers (2:0:2:1, 2:1:2:2, 2:2:2:3 compounds). 
The Ba cations are located in planes adjacent to the Tl-O 
unit and the Ca cations form planes within the interior of 
the Cu perovskitelike unit 

Since the preparation, structure, and properties of the 
double and triple Cu0 2 layer oxides appear to be much 
less complex than those of the single Q1O2 layer oxides 
for both the monolayer and bilayer Tl-O compounds, we 
will discuss these groups of compounds separately. As de- 
scribed earlier, for each of the n —2 and n — 3 compounds 
a single tetragonal structure was found. An important 
structural feature of these compounds observed by TEM, 
scanning electron microscopy (SEM), and electron mi- 
croprobe studies are intergrowths of structures related to 
the primary phase by the addition or removal of Cu0 2 or 
Tl-O layers. For some samples SEM images showed con- 
trast striations =^=5-10 in width within individual 



were determined from powder x-ray diffraction patterns 
extending from 20-3° to 70° and verified by electron 
diffraction studies. These studies showed that all of the 
H fn Ca fl -iBa2Cu ll 02(»+i)+m compounds have tetragonal 
cells at room temperature. The TliCa ll -iBa2Cu n 02«+3 
compounds contain Tl-O monolayers, resulting in prima- 
tive tetragonal cells, whereas the Tl2Ca ll -iBa2Cu n 02«+4 
compounds contain Tl-O bilayers, resulting in body- 
centered tetragonal cells. The lattice parameters and 
symmetries of the various structures are included in Table 
I. As discussed later, the 2:0:2:1 compound also has an 
orthorhombic polymorph. As shown in Fig. 1, each oxide 
has a single peak in the low-angle portion 
(3° < 20 < 10°) of its x-ray diffraction pattern which re- 
sults from the large c/a ratio in each structure. These 
peaks, (001) for m-1 and (002) for /»-2, serve as 
fingerprints with which each of the compounds within the 



Tl 1 Ca n . 1 Ba 2 Cu n O x TljCa^ Ba 2 Cu n O x 




10 



4 6 8 10 4 6 8 
2* (deg) ze (deg) 

FIG. 1. Low-angle section of the powder x-ray diffraction 
patterns for the six phases TUCa.- l Ba 2 Cu II O20,+i)+« (m-1, 
2; n -1,2, 3). 
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o Ti 




TltCQnH Ba 2 Cu n 0 2 n+3 




TI 2 Ca nH Ba 2 Cu n 0 2 n+4 
n=1 n=2 n=3 



FIG. 2. Nominal structures of the six TUCa.-iBa2Cu«- 
02d+i)+« phases for n -1, 2 and m — 1, 2, 3. 



grains which result from intergrowths of regions with 
different proportions of heavy atoms. TEM studies re- 
vealed the existence of intergrowths on much finer length 
scales, as demonstrated in Fig. 3 for a sample prepared 
from a starting composition of no.85CaiBa 2 Cu 2 . Figure 
3(a) shows a selected area diffraction pattern along b* 
which indicates that this grain contains both 1:1:2:2 and 
1:2:2:3 phases. Indeed Meissner data on this sample [in- 
cluded in Fig 4(d)] indicate two superconducting transi- 
tions with 7V=65 and —105 K, consistent with the pres- 
ence of extended regions of two distinct phases. Coin- 
ridently, the c lattice parameters of the 1 : 1 :2:2 and 1 :2:2:3 
phases are almost exactly in the ration of 4/5 so that every 
fifth 1:2:2:3 hOI spot coincides with every fourth 1:1:2:2 
AO/ spot in Figure 3(a). High-resolution TEM micro- 
graphs in Figs. 3(b) and 3(c) show intergrowths of the 




FIG. 3. (a) [010] selected area diffraction (SAD) pattern 
and (b) corresponding image of crystallites containing regions of 
1:2:2:3 and 1:1:2:2. The arrows in (b) denote unit-cell thick in- 
tergrowths of 1:1:2:2 in 1:2:2:3. (c) High-resolution transmis- 
sion electron micrograph of one unit-cell thick 1:1:2:2 inter- 
growth in 1:2:2:3. 
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FIG. 4. Meissner susceptibility vs temperature for an applied 
field of 100 Oe for materials with starting cation composition, 
(a) ThBaiCuj (•), TlzCaaosBaiCui.os (<>,+), and TbCaau- 
BazCuii 5 (▼); (b) TliCajBazCua (•), n 2 CaiBa 2 Cu 2 (o), and 
TU^sCaiBajCu: W; (c) TliCa 2 Ba2Cu 3 (■), TliCawBaiCuj (o), 
and TliCajBaiCus (•); (d) TTawCaiBajCui (o), Tl|CaiBa 2 Cu 2 
(•,+), and Tlo.s5Ca2Ba2Cu3 (t). The phases present in the pel- 
let giving rise to the diamagnetic susceptibility are (a) 2:0:2:1 
and 2:1:2:2, (b) 2:1:2:2, (c) 2:2:2:3, and (d) 1:1:2:2 and 1:2:2:3. 



1:1:2:2 and 1:2:2:3 phases on length scales extending from 
— 1/im down to one unit celL The intergrowths are ran- 
domly distributed along the stacking axis. Isolated inter- 
growths comprising four O1O2 planes were found in some 
samples (see Fig. 5) but no evidence was found for ex- 
tended intergrowths comprising greater than three Q1O2 
layers in these or other samples especially prepared from 
Cu- and Ca-rich starting compositions. A second type of 
intcrgrowth was observed in samples of the 1:2:2:3 phase 
in which an extra Tl-O plane was occasionally inserted be- 
tween the Cu perovskitelike units, creating local regions of 
the 2:2:2:3 phase. Microprobe data show that the Tl con- 
tent is systematically high in the compounds containing 
single Tl-O layers and systematically low in those com- 




FIG. 5. High-resolution TEM image of an isolated four- 
Cu02-layer intergrowth. The markers denote the positions of 
the Cu columns. 



pounds with Tl-O bilayers (see Table I) thus suggesting 
that intergrowths of Tl-O monolayers in the Tl-O bilayers 
materials and Tl-O bilayers in the Tl-O monolayer com- 
pounds are a general feature of these materials. 

Meissner data (see Fig. 4) established that T c can take 
a range of values for all of the double and triple Cu0 2 lay- 
er compounds— 7 C — 95- 1 08 K for 2:1:2:2, r c = l 18-125 
K for 2:2:2:3, T c =65-85 K for 1:1:2:2, and r f =100 
-110 K for 1:2:2:3. For a given compound, x-ray 
diffraction and microprobe studies did not detect any ob- 
vious difference between the samples with different transi- 
tion temperatures. TEM studies, however, showed a clear 
correlation between the density of intergrowths and T c . 
For the 2:1:2:2, 2:2:2:3, and 1:2:2:3 phases the material 
with no intergrowths displayed the highest transition tem- 
perature, whereas for the 1:1:2:2 compound the sample 
with the lowest density of intergrowths had the lowest T c . 
As the density of intergrowths increased we observed that 
T e systematically decreases or increases, respectively. It 
is possible that the structural or electronic modifications 
caused by the intergrowths are directly responsible for the 
decreased transition temperatures. Alternatively the pres- 
ence of the intergrowths may simply reflect a means 
whereby the system accommodates, to some extent, off- 
stoichiometry in the cation sites which in turn may 
influence T c . It is difficult to determine whether it is the 
local change in structure or composition which is responsi- 
ble for the decrease in T c since these are concurrent 
changes. 

A second important structural feature found in all of 
the double and triple Q1O2 layer compounds is the pres- 
ence of weak superlattice reflections in the selected area, 
electron diffraction patterns. These reflections are consid- 
erably weaker than those previously found in the 
Bi2Sr 2 CaiCu 2 0 JC compound 12 " 16 and indicate different 
structural modulations than those in the Bi2Sr 2 CaiCu 2 O x 
compound. The patterns can be described by a set of 
symmetry-related wave vectors, k. Each wave vector de- 
scribes a pair of reflections symmetrically disposed a re- 
ciprocal distance | k | along k on either side of each Bragg 
peak, which would be consistent with a sinusoidal modula- 
tion of the charge density along this direction. 17 The pos- 
sibility that each k corresponds to a different crystal vari- 
ant with lowered symmetry is unresolved. The Tl-O 
monolayer and bilayer families each display a distinctive 
pattern of superlattice reflections, shown schematically in 
Figs. 6(a) and 6(b). One example of electron diffraction 
patterns showing the superlattice reflections is given in 
Fig. 7 for the 1:1:2:2 phase. 

The structure and properties of the single Cu0 2 layer 
compounds are more sensitive to the preparation condi- 
tions than those of the double and triple Cu0 2 layer com- 
pounds. When prepared from a Tl 2 Ba 2 Cui starting com- 
position, the 2:0:2:1 compound has a face-centered ortho- 
rhombic cell and is not superconducting. The material is 
heavily twinned with twin planes of {l 10} type in the or- 
thorhombic cell. This cell is related to the tetragonal cell 
by a rotation of =45° about the c axis with a and b in- 
creased in size by a factor of =>/2. However when the 
2:0:2:1 compound is prepared from a Cu-rich starting 
composition, Tl 2 Ba 2 Cu 2 , the compound is superconduct- 
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FIG. 6. Schematic diagram of the arrangement of superlat- 
tice reflections about the fundamental reflections for (a) the 
1:1:2:2 and 1:2:2:3 phases, (b) the 2:1:2:2 and 2:2:2:3 phases, (c) 
the 2:0:2:1 phase. The fundamental reflections are shown as 
solid circles, and those which are systematically absent are 
shown as dashed circles. The superstructure is shown by open 
circles and the corresponding wave vectors by bold arrows. 



ing at =20 K. While x-ray data indicate the structure is 
pseudotetragonal, transmission electron micrographs re- 
veal a tweed pattern which is consistent with local ortho- 
rhombic distortion. A tetragonal polymorph with no evi- 
dence from TEM studies of either an average or local or- 
thorhombic distortion can be formed by preparing the 
compound from a pellet containing a small amount of Ca 
(Tl:Ca:Ba:Cu -2:y :2:1 +j% with y ==0.05-0. 15). This po- 
lymorph is also superconducting with a T c which is in- 
dependent of the amount of Ca in the starting composition 
but weakly dependent on the annealing time— T c =15 
and 20 K for anneal times at 880 °C of 3 and 9 h, respec- 
tively. As suggested by the Meissner data in Fig. 4(a) 
these pellets contain, in addition to the tetragonal 2:0:2:1 
phase, a substantial amount of the 2:1:2:2 phase which in- 
creases as the proportion of Ca in the starting composition 
is increased. There is a sufficient amount of this phase 
that the resistance of these pellets actually drops to zero at 
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FIG. 7. (a) [100] and (b) [001] selected area diffraction pat- 
terns from crystallites of 1:1:2:2 showing superiattice reflections. 



T e = 100 K. The Meissner data in Fig. 4(a) show that for 
j>=0.05 the ratio of 2:1:2:2 to 2:0:2:1 is about 8% and for 
j>=0.15 the ratio is increased to =30%. Electron mi- 
croprobe analysis shows that only a small amount of Ca 
(=0.2 at.%) is incorporated into the 2:0:2:1 grains and 
consequently the role of the Ca doping in changing the 
structure and properties of the 2:0:2:1 material is unclear. 
Moreover there are reports that the 2:0:2:1 phase can be 
prepared without Ca with a transition temperature as high 
as =85 K. 5 Both polymorphs of the 2:0:2:1 structures 
display a si milar superiattice with an approximate wave 
vector, k- [0.08,0.24,1] in the orthorhombic setting. 
Taking the superiattice into account lowers the symmetry 
of both the orthorhombic and tetragonal structures to 
monoclinic with the c axis being unique. As shown in Fig. 
8 this superstructure is different from those found in the 
double and triple Cu0 2 layer compounds. 

The other member of the Tl m Ca # ,-|Ba2Cu„0 2 Gi+i)+m 
family which contains single O1O2 layers, the 1:0:2:1 
phase, has a primitive tetragonal cell and is not supercon- 
ducting for the wide range of preparative conditions con- 
sidered in this study, including growth from Cu-rich or 
Ca-doped starting compositions. No superstructures have 
been observed in these crystals so far. 
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FIG. 9. Dependence of T c on the number of Cu0 2 planes 
within the Cu perovskitelike unit for the TliCa„-iBa2Cu*02«+j 
(m) and n 2 Ca fl ->iBa 2 Cu (l Oi t +4 (•, this work; O, Ref. 5) series of 
compounds. The dashed vertical lines correspond to the varia- 
tions in T c found for each phase, o corresponds to data for (Tl, 
BiMCa.SriaCuiO, (Ref. 21). 
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FIG. 8. (a) [100], (b) [110], and (c) [001] selected area 
diffraction patterns from a crystallite of 2:0:2:1. 



As shown in Table I there is no obvious correlation of 
superlattice structure with the superconducting properties 
of the Tl OT Ca ll -iBa 2 Cu n O20f+i)+m compounds. Note 
that in the closely related compound, Bi 2 SriCa2Cu 2 0 JC , it 
has recently been proposed that the observed incommens- 
urate superlattice corresponds to a distortion of both the 
Bi-O and Cu0 2 planes resulting from ordered vacancies 



on the Sr sites. 16 The vacancies are postulated to deter- 
mine the carrier density on the Cu0 2 planes and so 
influence the T c in a manner similar to that first noted by 
Schafer, Penney, and Olsen for the La 2 - x Sr jr Cu04-^ 
compounds. 18 The number of different superlattice struc- 
tures found in the Tl-Ca-Ba-Cu-O system provides a more 
extensive basis with which to test such hypotheses. Indeed 
it may be significant that, as shown in Table I, there are 
important variations in stoichiometry away from the ideal 
stoichiometrics expected for the various n /n Ca„-iBa 2 - 
Cu A 02Cn+i)+m phases. In particular, the [Tl]/[Ba] ratio 
is higher for the n — 1 compounds compared to those for 
«— 2 and n— 3. Band-structure calculations of both the 
Tl m Ca A -iBa 2 Cu R O20i+!)+m compounds and BiiSnCar 
Cu 2 O x indicate that the stoichiometry of the Tl-O and 
Bi-O layers would have a profound impact on the carrier 
density in these materials. 19,20 The extent of off- 
stoichiometry on the cation or the oxygen sites in the Tl- 
Ca-Ba-Cu-O phases requires further study. Note also 
that one group has recently prepared a complex material 
of the form Cn t Bi)i(Ca t Sr) 2 Cu 1 O x with the 1:0:2:1 struc- 
ture which appears to superconduct at temperatures of up 
to 50 K (Ref. 21). The variation of properties of the sin- 
gle CUO2 layers compounds provides a fertile area for fur- 
ther study and highlights the difficulties in preparing these 
multicomponent oxides in a controlled manner. 

In conclusion, these studies have shown that the super- 
conducting transition temperature increases with the 
number of Cu0 2 planes in the perovskitelike unit for both 
i the TliCan-^a^aO^+3 and Tl 2 Ca,,- 1 Ba 2 Cu II 02»+4 
structures (Fig. 9). A similar dependency is found in both 
series of compounds with an increased spread of T c as the 
number of Cu0 2 planes is reduced. The range of T c in the 
double and triple Cu0 2 layer compounds correlates with 
the density of intergrowth defects. No such defects have 
ben observed so far in the single CuQ 2 layer compounds, 
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even when doped with Ca. One might speculate that in 
this case the variation in transition temperature may re- 
sult from variations in cation or oxygen site occupancy. 
The increase in T c as n increases may be accounted for by 
various theories, including several based on the BCS 
theory 19 and others invoking more exotic mechanisms 
such as the resonating-valence-bond model. 22 The variety 
of structures and properties in the Tl-Ca-Ba-Cu-O system 
provides a model family of compounds with which various 



theories of high-temperature superconductivity can be 
evaluated. 

We are indebted to S. J. La Placa, F. Herman, and J. B. 
Torrance for many useful discussions. We thank C. C. 
Torardi, R. B. Flippen, and R. M. Hazen for discussions 
regarding the 2:0:2:1 compound. We are grateful to Pro- 
fessor Sinclair at Stanford for the use of his electron mi- 
croscope. 
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FIG. 3. (a) (0101 selected area diffraction (SAD) pattern 
and (b) corresponding image of crystallites containing regions of 
1:2:1*3 and 1:1:2:2. The arrows in (b) denote unit-ceil thick in-: 
tergrowths of 1:1:2:2 in 1:2:2:3. (c) High-resolution transmis- 
sion electron micrograph of one unit-cell thick 1:1:2:2 inter- 
growth in 1:2:2:3. 
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FIG. 8. (a) [100], (b) 111 Oh and (c) [001] selected area 
diffraction patterns from a crystallite of 2.-0:2:1. 
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We have discovered a new high-7; oxide superconductor of the Bi-Sr-Ca-Cu-O system without any rare earth de- 
ment. The oxide BiSrCaCujO, has T e of about 105 K, higher than that of YBa^jO, by more than 10 K. In this oxide, 
the coexistence of Sr and Ca is necessary to obtain high 
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Soon after the discovery of high-7; superconductors of 
the layered perovskites (LaBa^CuCV* and (LaSrfeCuCV* 
with 7 C of about 40 K, YBa 2 Cu 3 07 3) with 7 C of 94 K was 
synthesized. The discovery of these materials stimulated 
many researchers to investigate new oxide superconduc- 
tors of still higher 7 C and extensive studies have been car- 
ried out to search for these oxides. Up to now, however, 
no new stable supercondutors with 7 C higher than that of 
YBa 2 Cu 3 0 7 have been reported. The values of 7 C have 
not improved by the substitution of other rare earth 
elements for yttrium. 

In order to find high-7 c superconductors, we believe 
that it is important to investigate other classes of oxides 
which do not include rare earth elements. This led us to 
study the superconducting oxide system including the 
Vb-element group such as Bi and Sb of trivalent 
elements, and we discovered a new high-7 e superconduct- 
ing material BiSrCaCujO,. This oxide has 7 C of about 
105 K, being higher than that of YBa 2 Cu 3 0 7 by more 
than 10 K. 

The value of 7 C in the Bi-Sr-Cu-O oxide system which 
does not include Ca is very low being about 8 K. 4tSi In 
order to obtain high 7 C , the coexistance of Sr and Ca in 
the Bi oxide system is found to be absolutely necessary. 

The Bi-Sr-Ca-Cu-O oxide samples were prepared 
from powder reagents of Bi 2 0 3 , SrC0 3 , CaC0 3 and CuO. 
The appropriate amounts of powders were mixed, calcin- 
ed at 800-870°C for 5 h, thoroughly reground and then 
cold-pressed into disk-shape pellets (20 mm in diameter 
and 2 mm in thickness) at a pressure of 2 ton/cm 2 . Most 
of the pellets were sintered at about 870°C in air or in an 
oxygen atmosphere and then furnace-cooled to room tem- 
perature. 

The electrical resistivity was measured by the standard 
four-probe method for a bar-shaped specimen of about 
1x2x20 mm 3 cut out from the pellets. Magnetization 
measurements were carried out with a vibrating sample 
magnetometer. The temperature was measured by 
Au7%Fe-Chromel thermocouples. Figure 1 shows the re- 
sistivity vs temperatue curves of BiSrCaCu 2 0* oxides 
thus prepared. Specimen (a) was sintered at a relatively 
low temperature of 800°C for 8 h while specimen (b) was 
sintered at a higher temperature of 882°C for 20min 
followed by annealing at 872°C for 9 h. In the case of the 
lower sintering temperatue, the onset temperature (T?) 
of the superconducting transition is about 83 K and the 
zero resistance state (7?*) is reached at 75 K (Iow-7 c 



phase). On the other hand, in the case of a higher sinter- 
ing temperature, a high-7 c phase appears, the onset tem- 
perature of which is about 120 K and 7 C extraporated to 
zero resistance is as high as 105 K. The value of 7?" is 
higher than that of YBa 2 Cu 3 0 7 by more than 10 K. Since 
a little amount of the Iow-7 c phase still remained in the 
sample, a complete zero resistance state is achieved at 
75 K which corresponds to that of the low-7 c phase. We 
have not succeeded in synthesizing the oxides with a 
single phase of the high-7 c material at this moment. 
From our preliminary experiments, we know that sinter- 
ing at high temperatures for a short duration of time is 
effective enough to increase the relative amount of the 
high- 7 C phase. This may indicate that the high-7 c phase is 
stable at elevated temperatures. 

Figure 2 shows the magnetization vs temperature curve 
for the specimen (b) in Fig. 1 which was sintered at the 
higher temperatures. A Meissner effect showing a perfect 
diamagnetic state is observed exactly in the same tempera- 
ture range as in curve (a) shown in Fig. 1. We conclude, 
therefore, that the present high-7 c phase is indeed super- 
conducting. 

The high-7 c phase appears near the composition ratios 
of Bi:Sr:Ca= 1:1:1. As the composition deviates from 




80 120 

Temperature 



240 



(K) 



Fig. 1. Temperature dependence of resistivities in BijSr,Ca,Cu 2 O x ox- 
ides (a) sintered in air at 800°C for 8 h, then cooled in a furnace and 
(b) sintered at 882°C for 20 min followed by annealing at 872°C for 
9h. 
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Soon after the discovery of high-7; superconductors of 
the layered perovskites (LaBa^CuCV* and (LaSr^CuO^ 
with r c of about 40 K, YBa 2 Cu 3 07 3) with T c of 94 K was 
synthesized. The discovery of these materials stimulated 
many researchers to investigate new oxide superconduc- 
tors of still higher T c and extensive studies have been car- 
ried out to search for these oxides. Up to now, however, 
no new stable supercondutors with 7* c higher than that of 
YBa 2 Cu 3 0 7 have been reported. The values of T c have 
not improved by the substitution of other rare earth 
elements for yttrium. 

In order to find high-7; superconductors, we believe 
that it is important to investigate other classes of oxides 
which do not include rare earth elements. This led us to 
study the superconducting oxide system including the 
Vb-element group such as Bi and Sb of trivalent 
elements, and we discovered a new high-7; superconduct- 
ing material BiSrCaOfcQ,. This oxide has T c of about 
105 K, being higher than that of YBa 2 Cu 3 07 by more 
than 10 K. 

The value of T c in the Bi-Sr-Cu-O oxide system which 
does not include Ca is very low being about 8 K. 4 * 5 * In 
order to obtain high 7* c , the coexistance of Sr and Ca in 
the Bi oxide system is found to be absolutely necessary. 

The Bi-Sr-Ca-Cu-O oxide samples were prepared 
from powder reagents of Bi 2 0 3 , SrC0 3 , CaC0 3 and CuO. 
The appropriate amounts of powders were mixed, calcin- 
ed at 800-870°C for 5 h, thoroughly reground and then 
cold-pressed into disk-shape pellets (20 mm in diameter 
and 2 mm in thickness) at a pressure of 2 ton/cm 2 . Most 
of the pellets were sintered at about 870°C in air or in an 
oxygen atmosphere and then furnace-cooled to room tem- 
perature. 

The electrical resistivity was measured by the standard 
four-probe method for a bar-shaped specimen of about 
1x2x20 mm 3 cut out from the pellets. Magnetization 
measurements were carried out with a vibrating sample 
magnetometer. The temperature was measured by 
Au7%Fe-Chromel thermocouples. Figure 1 shows the re- 
sistivity vs temperatue curves of BiSrCaCu 2 O x oxides 
thus prepared. Specimen (a) was sintered at a relatively 
low temperature of 800°C for 8 h while specimen (b) was 
sintered at a higher temperature of 882°C for 20 min 
followed by annealing at 872 °C for 9 h. In the case of the 
lower sintering temperatue, the onset temperature (7?°) 
of the superconducting transition is about 83 K and the 
zero resistance state (Tf) is reached at 75 K (low-r c 



phase). On the other hand, in the case of a higher sinter- 
ing temperature, a high-7; phase appears, the onset tem- 
perature of which is about 120 K and T c extraporated to 
zero resistance is as high as 105 K. The value of Tf is 
higher than that of YBa 2 Cu 3 0 7 by more than 10 K. Since 
a little amount of the low-7; phase still remained in the 
sample, a complete zero resistance state is achieved at 
75 K which corresponds to that of the low-7; phase. We 
have not succeeded in synthesizing the oxides with a 
single phase of the high-7; material at this moment. 
From our preliminary experiments, we know that sinter- 
ing at high temperatures for a short duration of time is 
effective enough to increase the relative amount of the 
high-7; phase. This may indicate that the high-7; phase is 
stable at elevated temperatures. 

Figure 2 shows the magnetization vs temperature curve 
for the specimen (b) in Fig. 1 which was sintered at the 
higher temperatures. A Meissner effect showing a perfect 
diamagnetic state is observed exactly in the same tempera- 
ture range as in curve (a) shown in Fig. 1. We conclude, 
therefore, that the present high-7; phase is indeed super- 
conducting. 

The high-r c phase appears near the composition ratios 
of Bi:Sr:Ca=l:l:l. As the composition deviates from 
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Fig. 1. Temperature dependence of resistivities in Bi|Sr,CaiCu 2 0, ox- 
ides (a) sintered in air at 800°C for 8 h, then cooled in a furnace and 
(b) sintered at 882°C for 20 min followed by annealing at 872°C for 
9h. 
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Fig. 3. X-ray (Cu ka) diffraction pattern of the BijSr^C^O, oxide superconductor for the sample (b) in Fig. 1. 



this ratio, a low-7 c phase tends to appear irrespective of 
the sintering conditions. In BiSrCaCu^Ojr oxides, the 
oxide of y—l is not superconducting. According to the 
results of the X-ray diffraction analyses, the starting 
material corresponding to the composition of 
BiiSriCaiCu 2 Ojr seems to form a single phase. While in 
the nominal composition of oxides with y>2 9 unreacted 
CuO remained in the sample. A typical X-ray diffraction 
pattern for the oxide of y—2 (sample (b) in Fig. 1) is 
shown in Fig. 3. Although the structure of this oxide is 
not identified yet, it appears to be different from those of 
(LaSrfeCuC^ and YBa 2 Cu 3 0 7 . 

This material having high T c above 105 K may have 
potential application in various industrial fields in the 
near future. It should be noted that these oxides are ex- 
tremely stable in water and moisture and that no change 
in the superconducting properties has been observed even 
after the thermal cyclings between 4 K and room tempera- 
ture or above. 

Furthermore, the oxide has two phases with different 



T c and their structures seem to be different from those of 
high-r c oxide superconductors discovered up to now. We 
believe that this new oxide will contribute greatly to 
elucidating the high-r c superconducting mechanism. 
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The resulting map (Fig. \e) shows that the absorption feature 
has a mean W of 0.2 nm and stretches from roughly north to 
south across the entire emission line region, corresponding to 
a length of >30 kpc (the map presents only the area with good 
signal-to-noise ratio). Its spatial width is rather uncertain, 
because it is unresolved in the east-west direction (<1.5"). It 
cannot be narrower than 0.5" because otherwise even a 100% 
obscuration would be washed out by our beam into a relative 
depression of <25% (0.25 nm). So we assume a projected size 
or 10 x 10 kpc 2 for the absorber, with a deconvolved equivalent 
width of about 0.5 nm. 

Such an absorber can either consist of one or more clouds 
located well in front of 4C41.17 (if theblueshift of the absorption 
is cosmological, the absorber sits at a comoving distance of 
5 Mpc). On the other hand, the velocity in the EELR itself is 
large enough to cover this blueshift; otherwise we would be 
unable to detect the feature. Thus, a dense, partially ionized 
cloud at the edge of 4C41.17 could equally explain the absorp- 
tion. In this latter case more detailed observations are necessary 
for a physical interpretation. We therefore would like to pursue 
the former possibility of a physically separated absorber. Such 
clouds — commonly known as Lyman-forest clouds — and their 
properties have been extensively studied in the absorption line 
spectra of high redshift quasars. 

For comparison we make use of a spectrum 14 of the quasar 
Q0000-263 ( 2 = 4.11), the Lyman-forest of which covers the A 
range of our observation. We smoothed the original spectrum 
(resolution, 0.1 nm) to our instrumental resolution of 1.0 nm. 
The comparison between smoothed and original spectrum 
reveals that any absorption feature as deep as that observed in 
4C41.17 typically consists of two or more narrow absorption 
lines. We have to realize therefore, that our 'absorption cloud' 
is likely to be a superposition of several individual Lyman-forest 
clouds. Nevertheless, we believe that the outline of the absorber 
in the W map (Fig. \e) is most likely to be determined by one- 
single cloud which made the feature strong enough to become 
detectable, and we assign half of the measured equivalent width 
(0.25 nm) to this cloud. Assuming a Dopplcr parameter b = 
35 km s" 1 and N Hl /N Hll = 10" 4 as typical for Lyman clouds of 
that depth (refs 1, 3), we find a column density N Hl ~ 10 ,s cm" 2 . 
A cigar-shaped cloud of 40 kpc length and 10 kpc diameter 
would contain a total hydrogen mass of -3 x 10 7 Af©. 

What is the probability of detecting such an absorption feature 
in front of 4C41.17? Both the smoothed spectrum of Q0000-263 
(ref. 14) and the standard dN(W,z)/dz relation 15 yield -25 
features with W>0A nm on each line of sight and within one 
i unit at the observed wavelength. Considering the 'useful 1 
wavelength range of —1.2 nm (the blue half of the width of the 
emission line) in our search for line features, and the area of 
the EELR inspected of -20 arcsec 2 , the probability of detecting 
a cloud of a typical size of a few arcsec 2 is close to 1. 

In conclusion, we believe that we have succeeded in obtaining 
the first direct observation of a Lyman absorption cloud. Either 
this cloud belongs directly to the mass concentration around 
4C41.17 or it is a physically separated foreground object. In the 
latter case it would represent the population of Lyman-forest 
clouds known from the absorption spectra of quasars. In either 
case, our observations indicate that the relevant absorbers 
have projected sizes of some 100 kpc 2 and an elongated shape, 
like a cigar or a sheet seen almost edge-on in the case of 
4C4U7. □ 
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Following the discovery 1 of high-transition-temperature (high- 
TJ superconductivity in doped La z Cu0 4 , several families of 
related compounds have been discovered which have layers of CuC 2 
as the essential requirement for superconductivity: the highest 
traositioa temperatures so far have been found for thallium- 
bearing compounds 2 . Recently the mercury-bearing compound 
figBajRGhO^* (Hg-1212) was synthesized 3 (where R is a rare- 
earth element), with a structure similar to the thallium-bearing 
superconductor TiBa 2 CaCn 2 0 7 (T1-1212), which has one TIO layer 
and two Cp0 2 layers per unit cell, and a T c of 85 K (ref. 2). Bat 
in spite of its resemblance to T1-B212, Hg-1212 was found not to 
be superconducting. Here we report the synthesis of the related 
compound HgBa 2 Ca0 4+Jt (Hg-1201), with oaly one Cu0 2 layer 
per unit cell, and show that it is superconducting below 94 K. Its 
structure is similar to that of 71-1201 (which has a T t of <10 K) 4 , 
but its transition temperature is considerably higher. The availabil- 
ity of a material with high T c bat only a single metal oxide (HgO) 
layer may be important for technological applications, as it seems 
that a smaller spacing between Cu0 2 planes leads to better super- 
conducting properties in a magnetic field 3 . 

The samples were prepared by solid state reaction between 
stoichiometric mixtures of Ba 2 Cu0 3+a and yellow HgO (98% 
purity, Aldrich). The precursor Ba 2 Cu0 3+5 was obtained by the 
same type of reaction between Ba0 2 (95% purity, Aldrich) and 
CuO (NormaPur, Prolabo) at 930 °C in oxygen, according to 
the procedure described by De Leeuw et at 6 . The powders were 
ground in an agate mortar and placed in silica tubes. All these 
operations were carried out in a dry box. After evacuation, the 
tubes were sealed, placed in steel containers, as described in 
ref. 3, and heated for 5 h to reach -800 °C. The samples were 
then cooled in the furnace, reaching room temperature after 
-10 h. 

The formation of the new phase HgBa 2 Cu0 4+< was revealed 
by X-ray powder analysis, performed with a Guinier-Hagg 
focusing camera and Fe Ka radiation (1.93730 A). Finely pow- 
dered silicon (a = 5.43088 A at 25 °C) was used as an internal 
standard. The intensities of the reflections were evaluated by 
means of an automatic film scanner and indexed on a tetragonal 
cell with lattice parameters a = 3.8797 (5) A, c = 9.509 (2) A and 
assignment Z = l. No systematic absences were observed, 
leading to the number of molecules per unit cell of the space 
group PA/mmrru The c parameter corresponded to the value 
calculated from the formula c»9.5+3.2{n-l), similar to that 
deduced for the TIBa 2 R rt , 1 Cu /) 0 2 „ +3 homologous series. We 
took this as a strong indication that the powder pattern corres- 
ponded to that of the first member of the HgBa 2 R„_ 1 Cu w 0 2/t+2+ « 
series. 
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FIG. 1 AC magnetic susceptibility x (a) and normalized resistivity (b) as a 
function of temperature for HgBa2Cu0 4 + 8 . 



Scanning electron microscopy using a JEOL SM 840A equip- 
ped with an energy-dispersive spectroscopy (EDS) attachment 
revealed that the sample was well crystallized with particle sizes 
of several micrometres. EDS analysis of several well crystallized, 
flat and oriented grains was performed. Beside Hg, Ba, Cu and 
O, no other element was detected in the spectra. The average 
metal ratio found for eight grains was Hg:Ba:Cu<= 
28(1):47(2) : 25(1), where the numbers between parentheses are 
the standard deviations. Determination of the oxygen content 
by EDS analysis was not possible, so it was estimated by struc- 
tural analysis and iodometric titration. The cation stoichiometry 
is in qualitatively good agreement with the proposed formula 
of the new compound. 

Alternating-current magnetic susceptibility measurements 
between 4,2 and 120 K, done without any additional oxygen 
treatment, showed that HgBa 2 Cu04+ 5 samples undergo a transi- 
tion from paramagnetic to diamagnetic with an onset as high 
as 94 K {Fig. 1 a, where the susceptibility is in electromagnetic 
units g" 1 ). The estimated magnetic susceptibility at 42 K. corres- 
ponds to >50% of the ideal diamagnetic values. 

The resistivity was measured between 4.2 and 250 K by the 
four-probe technique. The sample was a pressed pellet which 
was annealed in oxygen for 2 h. The temperature dependence 
of the normalized resistivity, shown in Fig. 1, exhibits a sharp 
drop at T c , but the transition is broad and it reaches the value 
of zero resistance only at 35 K. This behaviour indicates that 
the sample is not homogeneous. 

To determine the structure of HgBa 2 CuO« +a , X-ray powder 
data were collected by a 0/20 STAD1 P diffractometer in trans- 
mission mode. The experimental conditions were as follows: 20 
range =6-115° (0.02° steps) with fixed counting time 60s and 
a rotating sample. An absorption correction was applied and 
the sample thickness was calculated from the primary beam 
absorption (/*/£ = 1.7, where /a is absorption coefficient and R 
is thickness). The structural refinements were done by the Riet- 
veld method. The initial positional parameters were deduced 
from a structural model containing the sequence (Hg)(BaO)- 
(Cu0 2 )(BaO)(Hg). After convergence (intensity discrepancy 
factor, = 0.039), a Fourier difference map revealed that the 
position at 0) of the Hg layer was partially occupied. 
During the final cycle of refinement, the occupancy factor of a 
third oxygen atom placed in this position was varied together 
with the positional and thermal parameters for all atoms (except 
for the thermal parameter of 0(3) which was kept fixed at 
I.OA 2 ). The final intensity (R { ) and profile (R p ) discrepancy 
factors based on 84 reflections were R t ~ 0.0367 and R p = 0.1 16, 
with a GOF (goodness of fit) = 0.33. 

The final positional and thermal parameters together with the 
relevant interatomic distances are given in Table 1. Observed, 
calculated and difference diffraction patterns are shown in 
Fig. 2. A schematic representation of the structure is shown in 
Fig. 3. Preliminary structural refinements based on powder 
neutron diffraction data support the presence of oxygen in the 
0(3) position with an occupancy factor slightly larger than that 
found by X-ray powder dim-action data. The neutron data also 



TABLE 1 CrystaJlographic data for HgSajCuO, 



Positional thermal and occupancy parameters 



Atom 


Position 


X 


y 


2 




Occupancy 


H* 


la 


0 


0 


0 


2.55(5) 


1.00 


Ba 


2h 


0.5 


0.5 


0-2979(1} 


1.43 (4) 


uoo 


Cu 


lb 


0 


0 


05 


0.88 (9) 


1.00 


CXI) 


2e 


0.5 


0 


0.5 


0.4(3) 


1.00 


0(2) 


2g 


0 


0 


0.206(2) 


2.2(3) 


1.00 


0(3) 


lc 


0.5 


03 


0 


1.0 


0.10(3) 



Selected interatomic distances (A) 

Hg-0(2)(x2) 1.95(2) Cu-0(l)(x4) L940(D Ba-Ott)(x4) 2.730(1) 

Hg-0(3)* 2742(1) Cu-0(2)(X2) 279(2) 8a-0(2)(x4) 2380(5) 

Ba-<X3>* 283K1) 



Data obtained using monochromatlzed CuKc^ radiation (A * 134056 A), giving a= 
3.87766(4) A, c= 9.5073(1) K 
* Partially occupied sites. 

confirm the large value for the mercury thermal factors. As in 
the case of the X-ray data, the anisotropic model shows a very 
slight difference between B M - B 22 and £ 3J , the thermal factors 
along x, y and z respectively. 

HgBa 2 Cu0 4+ a has a structure related to that of Hg-1212 
(ref. 3). Its lattice parameters correspond to four-layered packing 
along the c-axis of a unit cell: a = , c = 2^,. (where 
is the parameter of the perovskite subcell) and its structure 
contains the sequence (CuO 2 )(Ba0)(HgO a )(BaO)(Cu0 2 )> The 
Cu cations are octahedrally coordinated, while the coordination 
of the other cations depends upon the value of 8. This, as 
obtained from powder X-ray data, is 0.10(3). An important 
consequence is that most of the Hg cations have two oxygen 
atoms near them in a 'dumb-bell* configuration, an appropriate 
coordination for Hg 2 * cations. Because 8 is small and different 
from zero (within about three standard deviations) X-ray powder 
data alone are insufficient to determine which sites of the rock- 
salt positions in the HgO layer are occupied and how they affect 
the Hg coordination. The extra oxygen atoms are needed in 
order to increase the average oxidation number of the Cu and 
to create the concentration of holes necessary for superconduc- 
tivity. Iodometric titration performed with a large excess of Kl 
leads to 16% of Cu 3+ , corresponding to 8 = 0.08. 

Similarly, the structure of HgBa 2 RCu 2 0 5+a (the second mem- 
ber of the HgBa 2 R fl _|Cu n 0 2 n+i+a series) can be described as 
six-layered blocks made of rock-salt and perovskite -type struc- 
tures. In the structure of Hg-1212 the layer sequence is: 

(BaO)(HgOa)(BaO)(Cu0 2 )(R)(Cu0 2 )(BaO)(HgO,)(BaO) 
rock-salt perovskite rock-salt 

The Cu0 2 monolayer in Hg-1201 has been replaced by the 
(Cu0 2 )(R)(Cu0 2 ) block. As a consequence the Cu cations are 
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RG. 2 Observed (a), calculated (o) and difference (c) powder patterns after 
Rietveld refinement for HgBajCuC^+a. 
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Dependence of aggregate 
morphology on structure 
of dimeric surfactants 




FIG. 3 Structure of HgBa.CuO^,. Trie large, medium and small drctes 
resent the Ba. Hg and O atoms, respectively. The Cu atoms aretr^ide 
uTSTa Note mat the partially occupied oxygen 0(3) site on the Hg 
layer Is represented by a partially filled circle. 



pyramidally coordinated. The coordination or the Ba and Hg 
cations in Hg-1212 is similar to that or the same cations in 
He-1201. The R cations are surrounded by 8 oxygen atoms 
arranged as a prism. The valence or the Cu cations depends 
upon the value or 6 and the valence or the R cations: rf the 
same Cu valence or hole concentration as in Hg-1201 is needed 
to induce the superconducting state in Hg-1212, then the K 
cations should be 2+ and « I2I2 should be appreciably greater 
than 8 l201 . For the previously reported Hg-1212, R was a mixture 
or Eu and Ca, and 6 was not precisely determined . It is possible 
that S was not large enough to compensate for the higher valence 
or the R cations and to transrer the needed extra charges to 

Cu0 2 layers. _ _ 

As stated above, the structural arrangment or HgBaiCuU^+g 
is similar to that or TIBajCuO,-,. except for the oxygen 
stoichiometry or the HgO, and T10,., layers respectively. For 
the former, 8 is very small and this depletion is possible because 
the dumb-bell coordination is appropriate for the Hg cations. 
For the latter, the TIO,., layer is only slightly oxygen depleted, 
creating the appropriate coordination for the thallium cations, 
resulting in either a distorted octahedron or a five-coordinated 
polyhedron. These different requirements for attaining the 
optimal concentration or holes are due to the different preferred 
coordination geometries or the TT and Hg* cations. 

The first member or the latter series (T1-1201) has been repor- 
ted and found to become superconducting at < 10 K (ref. 4). By 
doping the Ba sites with La this value can be increased to 52 K. 
(rer 7). The second member or the mono-Tl series becomes 
superconducting at 85 K (ref. 2). This increase is a general rule 
for the first Tew members or this series or compounds. U this 
behaviour holds for the Hg-series, the second member could 
reach values for T c as high as those or the thallium. 

The possible advantages for technical applications oT 
HgBa,Cu0 4+1 ,. in analogy with one-Tl-layer materials, would 
be due to the relatively short distance between CuO, layers. 
This might lead to lower anisotropy or the superconducting 
properties and to higher flux-melting temperatures than those 
or two-TlO-layer superconductors . u 
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Surfactant molecules in water form orgaarzed assemblies of 
various shapes, such as micelles and bilayer lamellae, .which are 
of interest as analogues of biological structures, as model systems 
for studying complex phase behaviour aad because or the* techno- 
logical importance, for example to the food and paint ,nd«tfrt£ 
The polar head groups are usually arranged randomly at the 
surf.cl of these assemblies. We have studied the effect on he 
microstructure of these assemblies or imposing constraints on the 
head-group spacing. We investigate the structures formed by 
Mouble-headed' surfactants in which two quaternary 

^ byTMrJrbon^acer (C.H.). Here « report the 
ricrostrucmres formed by these dimeric surfactants ^ * = 12 
and s = 2, 3 or 4 la aqueous solution, by rapidly cooling the micellar 
solutions and investigating the vitrified structareswifttransm^o" 
electron microscopy. The surfactants with a short spacer (s -2,3) 
Song, thr ead-like and entangled micelles even at low con- 
centrations, whereas the corresponding moaomeric ammonium sur- 
factants can form only spherical micelles. The d.menc surfactants 
witt .=4 form spheroidal micelles. Thus short spacers (which 
impose reduced head-group separation) appear to promote lower 
spontaneous curvaturein the assemblies. This approach may afford 
a new way to control amphiphile self-aggregation. 

Conventional surfactant molecules generally comprise two 
distinct parts that are incompatible with each other: on polar 
head and either one or two alkyl chains. These mo ecules tend 
to self-associate in water, where they produce micellar solutions 
in the dilute range, and lyotropic mesophases at higher con- 
centrations. Whatever the structure, the surfactant polar head, 
are located at the interface between the hydrocarbon and water 
regions. Their relative positions and distances are **«™"« 
mainly by their electrostatic interactions, and also by the packing 
requirements or the disordered alkyl chains'- 1 . In caesium or 
rubidium soaps at low temperature in the presence or witer, ror 
example the head groups form well developed hexagonal or 
rectangular crystalline arrays 4 . Generally, however, they are 
arranged randomly, and little is known or their packing geometry 
or the width or their spacing distribution. 

To investigate the effect or a perturbation of the local arrange- 
ment of polar heads on the micellar and mesomorphic properties 

Sadron KMKI. 6 <uo Bousslngait. 67083 SWKiMurS CeOa Frara. 
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Superconductivity near 70 K in a new family of 

layered copper oxides 
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A new family of high-temperature superconductors is described, with the general formula Pb 2 Sr 2 ACu 3 O z+ 8 : Although they 
have the planes of CuO s square pyramids characteristic of the other copper-oxide superconductors, the new compounds 
belong to a distinct structural series, with wide scope for elemental substitution. Their unusual electronic configuration also 
gives new insight into the role of charge distribution among the structural building blocks in controlling superconductivity. 



Since the first observation 1 of high-transition-temperature 
(high-r c ) superconductivity in La-Ba-Cu-O, progress in the 
understanding of this remarkable phenomenon has been cou- 
pled to the discovery of new materials. Until now, three families 
of copper-oxide-based high-T c superconductors have been 
identified, based on (La,M) 2 Cu0 4l LnBa 2 Cu 3 0 7 , and 
(Tl.Bi) (ll (Ba t Sr)2Ca ()+l Cu (( O l((+2ll+ , (ret 2). (Here M represents 
t metal cation that may substitute on some La sites, and Ln 
represents a lanthanide.) Here we report the discovery of a new 
family of planar copper-oxide superconductors with general 
formula Pb 2 Sr 2 ACujO a+fl (where A is a lanthanide or a mixture 
of Ln+Sr or Ca), and describe the synthesis, crystal structure 
and properties of prototype compounds. We find, for example, 
thai one preliminary optimal composition Pb 2 Sr 2 Yo^Cao. 5 Cu 3 0 8 
has a superconducting T e of 68 JC The new family displays the 
same kind of rich substitutional chemistry as is observed for 
LaBa 2 Cu 3 0 7 , with the phase forming for Y and at least La, Pr, 
Nd, Sm, Eu, Gd, Dy, Ho, Tm, Yb and Lu, spanning the entire 
rare-earth series. Wide ranges of large-metal-atom solid solution 
tnd oxygen stoichiometry are observed, suggesting many poss- 
ible avenues to be explored for the optimization of supercon- 
ducting properties. 

Superconductivity is induced in the host compounds 
PbjSijLnCujOj+a (5-0) either by partial substitution of a 
divalent ion (such as Sr or Ca) on the lanthanide site, or possibly 
by the accommodation of excess oxygen (6 > 0), or a combina- 
tion of both. The compounds can be synthesized only under 
wildly reducing conditions, which are necessary to maintain Pb 
in a 2 + oxidation state. Oxidation of 6 » 0 compounds is poss- 
Me. hut only at low temperatures, where decomposition to a 
PWiv)-containing pcrovskite is sluggish- Remarkably, the for- 
nal average oxidation state of copper in the superconductors 
ii less than 2+, but a clear structural distinction between 
different types of copper layers leads us to hypothesize that 
koles are nonetheless present on electronically active CuO 
pyramidal planes. 

Synthesis 

The preparative conditions for the new materials are consider- 
ably more stringent than for the previously known copper-based 
superconductors. Direct synthesis of members of this family by 
reaction of the component metal oxides or carbonates in air or 
oxygen at temperatures below 900 °C is not possible because of 
the stability of the oxidized SrPbCVbased perovskite. Successful 
synthesis is accomplished by the reaction of PbO with pre- 
reacted (Sr, Ca, Ln) oxide precursors. The precursors are pre- 
pared from oxides and carbonates in the appropriate metal 
ratios, calcined for 16 hours (in dense AUQi crucibles) at 920- 
980 *C in air with one intermediate tding. Some of the 



Pb 2 Sr 2 LnCu 3 O g+ a compounds can be prepared in air from 
PbO+LnS^CujO, precursor mixtures, which are not reacted 
at temperatures below ~ 850 °C. For example, single-phase 
PbjS^YCuaOa+a (5 =0) can be prepared by reacting PbO with 
YSr 2 Cu 3 O x at 920 °C for 1 h, followed by quenching. Slower 
cooling results in partial decomposition through oxidation. 
Short reaction times are generally sufficient to obtain single- 
phase products* The same air-hearing/quenching process does 
not appear to work, however, for Pb2Sr 2 LaCu 3 0 8 +$ or 
PbiS^LuCu^Oa+a. 

The best synthetic conditions found so far involve the reaction 
of PbO with the cuprate precursors in thoroughly mixed pressed 
pellets. Reaction temperatures are between 860 and 925 °C, for 
times between 1-16 h, in a flowing gas stream of 1% 0 2 in N 2 , 
a mildly reducing atmosphere. For Pb 2 Sr 2 Y,. JC Ca x Cu 3 0 8+a , for 
example, single-phase materials are obtained for 0^x<0.5 in 
1% 0 2 after heating overnight at 865 °C and cooling in the gas 
stream to room temperature in 15 minutes. Using higher tem- 
peratues, higher po, in the gas stream er higher Ca contents of 
the starting mixture results in the intcrgrowth of 123-type 
YSr 2 (Pb,Cu) 3 O x with the new compound, or the formation of 
an SrPb0 3 -based second phase. Similar procedures are success- 
ful for other Sr/rare-earth/Ca combinations. The oxygen con- 
tents of Pb^Y^jfCajeCujOa+a for 0^x^0.50, prepared under 
these conditions, are measured by reduction in H 2 and are 
uniformly S=0±0.1. Ca is employed as a dopant on the La 
site because it has an ionic size similar to the intermediate 
rare-earths. We have not yet found synthetic conditions under 
which Pb2Sr 2 + x Lni- x Cu 3 0g+j solid solutions can be prepared 
as single-phase polycrystaliine samples that are good bulk super- 
conductors, although superconducting single crystals of that 
stoichiometry have been prepared. 

Single crystals of the superconducting compounds were grown 
from PbO- and CuO-rich melts using a similar precursor tech- 
nique. Meh compositions were generally Vb^t y YOuO x . Fol- 
lowing a 30-min soak at 1,025 °C, samples were cooled at 2°C 
rain" 1 in the 1% 0 2 atmosphere to temperatures between 800 
and 400 and were then rapidly cooled to room temperature 
in the same gas stream. Crystals are plate-like in habit, but are 
generally more equiaxed than those of LnBa 2 Cu 3 07. 

Stoichiometry and crystal structure 

Compounds of stoichiometry PbjS^LnCu^Og (5=0) are not 
bulk superconductors, although. we often observe small amounts 
of superconductivity (1% or less) in materials of that 
stoichiometry prepared either by the quench or by the l%-0 2 
synthetic techniques. The non-bulk superconductivity may be 
due to inhomogeneities in either oxygen content or Sr/Ln distri- 
bution. 
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Fig. 1 Two representations of the crystal struc- 
ture for the new superconducting compounds, 
for the case of Pb^r^NdaTeCujOs+a. Rep- 
resentation a emphasizes the Cu-O and Pb-0 
bonding scheme, and representation 6 empha- 
sizes the manner in which Cu-0 and Pb-O 
coordination poryhedra are arranged. 




The range of oxygen contents possible for these compounds 
is remarkable. PbaSrjYCu^Og+a, 5=0, for example, can be 
oxidized by heating in 0 2 to temperatures below 500 °C for short 
times (2-4 h) to 8 values of ~ 1.6, retaining the same basic crystal 
structure. We have observed values as large as 5 = 1.8 for 
Pb2Sr a Yo. 75 Cao,2sCuj0 8+ «. Oxidation at temperatures higher 
than 500 °C, or for longer reaction periods, generally results in 
decomposition to the SrPbOj-based perovskite. Powder samples 
of PbaSr a YCu A+a with large values of 8 are not superconduct- 
ing. Single crystals of the Pb 2 Sr l+jr Ln Jt Cu 3 0, +a type are super- 
conductors with transition temperatures between 10 and 70 K. 
These crystals may have non-zero values of 8 but have not yet 
been fully characterized. Hie range of TcS observed suggests a 
complex and interesting relationship between T c , 8 and the 
SnLn ratio; 

Powder X-ray diffraction indicates that the new phases have 
an orthorhombic unit cell which is based on a many-layer 
perovskite structure. The characteristic X-ray pattern for the 
prototype compound PbjSrjYCujOf is presented in Table 1. 
The compound deviates only slightly from tetragonal symmetry. 
The simplest cell consistent with the X-ray pattern is c-centred, 
with lattice parameters a « 5-40, b « 5.43, and c«= 15,74 A. Sys- 
tematic absences are consistent with a c-centred cell down to 
thedetectabilityllmitof 1% maximum intensity. The orthorhom- 
bic cell gives an excellent fit to the powder diffraction pattern 
but a hint of a shoulder on the high 20 side of the 3 14 reflection 
indicates that the true symmetry may be weakly monociinic. 
Although the lattice parameters for this family of compounds 
are very similar to those reported for TlBaiCa a Cu 3 0 8 (ref. 3), 
the crystal structures are quite different Electron microscope 
investigations indicate that for some crystals, weak (but sharp) 
reflections are present which violate the c-centring. Furthermore, 
these studies show the presence of long-period, long-range- 
ordered superlatdces in the a~b plane, suggesting that a variety 
of structural distortions and stoichiomet^-driven atom-ordering 
schemes can occur. 



The crystal structure of compounds in this family, determined 
for a superconducting Nd-based single crystal of approximate 
stoichiometry Pb 2 Sr 2>t Nd a76 Cu30g + , (determined by structure 
refinement) is shown in Fig. 1. The crystal employed in the 
structural determination was twinned, as expected from the 
pseudo-tetragonal symmetry. The atomic coordinates are repor- 
ted in the c-centred orthorhombic cell to be consistent with the 
powder data, but a primitive cell with o and b rotated by 45° 
and reduced by gives an equally good description of the 
single-crystal data, The very small scattering cross-section of 
oxygen precludes determination of 8 by refinement The data 
are well fitted by the structural model (refinement parameter 
R » 3.7%), but a microscopic explanation of the orthorhombic 
symmetry is not apparent; if the origin is primarily in the oxygen 
sublattice we would not be able to detect it in the X-ray structure 
determination. 

The basis of the structure comprises infinite planes of corner- 
shared CuO s pyramids separated by eight-coordinate rare-earth 
atoms, as are common to all the presently known copper-based 
superconductors with r c >50K. The four in-piane copper- 
oxygen distances are -1.9 A, and the distance to the apical 
oxygen is ~13 A, both of which are very similar to those 
observed in YBa 2 Cuj07. The structural components unique to 
the new class of materials are the PbO^CuO*-PbO planes shown 
in the centre of the Fig. h For 8 « 0, Pb has a distorted flattened 
square pyramid coordination (sharing : edges with adjacent 
pyramids), with the lone pair pointing toward the vacant sixth 
site of the coordination octahedron. The PbO s pyramids are 
separated by a single copper layer, which, for $«0, is oxygen- 
free, and displays an O-Cu-0 coordination, characteristic of 
Gu I+ (Cu-0 distance -1.8 A), as is observed in non-supercon- 
ducting YBa 2 Cu 3 0« . During the low-temperature oxidation pro- 
cess, oxygen is apparently accommodated in this copper layer, 
resulting in a large expansion of the c axis. The PbO$ and CuO$ 
pyramidal planes are joined by the common oxygens at their 
apices. The Sr atoms an irdinated to nine oxygens, as in (La, 
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40 

Temperature (K) 

Fig. 2 Magnetization data (d.c field-cooled at 25 Oe) for 
F^SraYa^Cao^Oa. 



Sr)Cu0 4 , and the Ln site is eight-coordinate, as in the 
LnBa 2 Cu 3 0 7 family, sandwiched between the Cu0 5 pyra- 
midal planes. In the superconducting compound 
PbaSraY^Ca^CuaOg+fl, Ca partially substitutes for Y in the 
eight-coordinate site. 

The crystal, structures of all the known copper-oxide-based 
superconductors are generally described as many-layered perov- 
skites. The similarities and differences among them are most 
easily illustrated in terms of the stacking sequences of rocksalt- 
like (AO) and perovskite-like (B0 2 ) layers 2 . Taking, for example, 
representatives from the superconductor families that have 
double Cu0 5 pyramidal layers, the .stacking sequences are: 

Pb2Sr 2 (Y,Ca)Cu 3 0 8+a 

-(Y, Ca)-Cu0 2 -SrO-PbO-CuO«-PbO-SrO-CuO a -(Y, Ca)- 
Tl 2 Ba 2 CaCu 2 0 8 

-Ca-Cu0 2 -BaO-T10-TIO-BaO-CuO r .Ca. 
YBajCujO^a 

-Y-CuO^BaO-CuOfi-BaO-CuQi-Y- 



Table 1 Characteristic X-ray powder diffraction pattern for 
PbjSraYCUjO, 
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The new superconductors, then, can be seen to be intimately 
related in structure to those previously described They can be 
considered as related to n 2 Ba 2 CaCu 3 0 8 by insertion of a single 
CuOfi layer between adjacent polarizable AO layers, or related 
to YBajOrjO^a by sandwiching of the CuO fi "chain' layer by 
two PbO layers. We believe that it is the electronic screening of 
the Cu0 2 planes from the CuO* layers by the PbO layers that 
makes the new superconductors of considerable interest. Fur- 
thermore, we expect these materials to be even more anisotropic 
in their physical properties than those previously known, as 
the double pyramidal Cu0 2 -A-Cu0 2 layers are widely 
separated. 

Superconducting properties 

We have studied the composition dependence of the supercon- 
ducting properties of compounds in the series 
PbjSr^^Ca^CujOs for 0^x^0.75, by estimating the flux 
expulsion measured on cooling in a field of 25 Oe in a d.c. 
SQUID magnetometer (S.H.E. model 905). The greatest flux 
expulsion occurs for x = 0J, and is -20% of the ideal value 
(see Fig. 2). Because flux becomes trapped in the pores of these 
low-density ceramics, this is an underestimate of the true volume 
fraction of superconductivity; For x 2:0.5, the materials were 
not entirely single-phase, with one or more impurity peaks 
having a maximum intensity of 5% of the strongest peak in the 
powder X-ray pattern. This, coupled with the estimate of the 
volume fraction of superconductivity, suggests that the optimal 
superconducting composition may have x somewhat greater 
than 0.5. This could be achieved if different synthetic methods 
can be found that allow a larger range of solid solution to be 
attained. We have measured the normal-state susceptibility (in 
a 20-kOe field) for temperatures below 400 K of apparently 
single-phase samples (no unindexed X-ray tines to 0.5% 
maximum intensity) of the non-superconducting endmember 
Pb 2 Sr 2 YCu 3 O g and superconducting Pb 2 Sr 2 Y 0 . fi 2sCao L 37sCu 3 0 8 . 
The susceptibility of the superconductor (x) is essentially tem- 
perature independent Of^lxlO" 4 e.m.u. per mole formula 
unit), with only a slight decrease at low temperatures. This 
temperature dependence is similar to that of high-quality 
YBa 2 Cu 3 0 7 , and is characterized by the absence of a Curie- 
Weiss contribution. Furthermore, this supports our conclusion 
that the copper atoms between the PbO layers are Cu ,+ . Post- 
oxidation at 500 °C results in oxidation of this copper to mag- 
netic Cu 2+ . Pb 2 Sr 2 YCu a 0 8 appears to be magnetic (-0.5 nB per 
Cu atom), but further studies are necessary to clarify whether 
this is intrinsic or is due to the presence of highly magnetic 
impurity phases that are undetectable by X-ray diffraction. 

Figure 3 shows the temperature dependence of the resistivity 
for a single crystal of Pb 2 Sr 2 Dy t . JC Ca Jt Cu J 0 8+ a. The midpoint 
of the superconducting transition is at 51.5 K (indicated by an 
arrow in Fig. 3), although there is a small foot which gives 
a zero-resistance T c of 46 K. Above T c the temperature 



Tible 2 Crystallographic data for Pb^Sr^NaV^CujOg+s 
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Cu K« radiation, 0-60° 2$ c-centred orthorhorobic cell, preliminary 
indexing, true symmetry may he weakly monoclinic Lattice parameters 
a =5.4019(15), 6 = 5.4333(15), c = 15.7388r 



Orthorhombic cell (pseudotetragonal substructure); ««5.435(l)A t 
6»5,463(1)A, c = 15.817(3)A; space group Cmmm, r«*2; observed 
reflections 707, ^ = 0.037. 

• Mixed occupancy she: (l) Sr, 0.76(1) Nd. 
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Fig. 3 Resistivity in the a-b plane as a function of temperature 
for a single crystal of Pb 2 Sr 2 (Dy,Ca)Cu 3 0 8+ «. Inset, typical tem- 
perature-dependent resistivity for a polycrystaliine sample of 
Pb2Sr 2 (Y,Ca)Cu 3 0 8 . 



dependence is fairly linear, but near T e there is a region of 
positive curvature which, along with the resistivity foot, we 
attribute to small inhomogeneities in the metal and/ or oxygen 
distribution. The scale of the resistivity is a factor of ten greater 
than for previous oxide superconductors. . It is not yet clear 
whether this is an intrinsic property. 

A typical resistivity curve for a ceramics sample is shown in 
the inset to Fig. 3, illustrating the typically broad transitions 
observed The transition in this sample begins at 79 K (arrow) 
but zero resistance is achieved (within instrumental accuracy) 
as 32 K. Note that the resistivity scale is again quite high. We 
attribute the breadth of the transition and the negative normal- 
state temperature coefficient to inhomogeneity in . the metal 
and/or oxygen distribution, rather than to exogenous phases at 
the grain boundaries. The behaviour of this system seems to be 
very similar to that of (La,Sr) 2 Cu0 4 (ref. 4). 

Electronic aspects 

Given that the average formal copper valence of previously 
known superconductors has always been greater than +2, the 
new superconductors are unique and, at first sight, anomalous. 
For the series F^SrjYt^Ca^CuA. the average formal copper 
valence increases from 1.67 in die non-superconducting x=0 
member to —1.92 at the nmTimum Ca concentration studied. 
At our current estimate of the optimal superconducting composi- 
tion (x = 0.5), the average formal valence is 1.83. The linear 
coordination of the copper atom sandwiched between the PbO 
sheets, characteristic of Cu l+ , and the probable electronic isola- 
tion of this layer from the conducting CuO pyramidal planes, 
imply - that the formal charge formulation becomes 
Pb2Sr 2 YCu 1+ Cul + 0 8 in the non-superconducting compound. 
When Ca is substituted for Y, we propose that holes are 
accommodated only in the Cu0 5 planes, and at the. x» 0.5 
stoichiometry the formal charge formulation becomes 
Pr^!Sr 2 Yo3C^ w Cu l+ Cu2 a5+ O a , which is consistent with the cur- 



rent assumption for previously known high-7 c materials that 
holes are present in the CuO s pyramidal planes. 

For Pb 2 Sr 2 ACu 3 08 +s compounds with 5>0, excess oxygen 
must be accommodated near the Cu l+ planes, and a more 
complex hole-doping scheme may be operating. We expect thai 
in that case the compound does not respond in a simple fashion 
to the change in charge through doping of a rigid band; the 
oxygen inserted in the bonding neighbourhood of the reduced 
Cu and Pb ions may create the electronic states in which the 
charge is partly or fully accommodated. 

This new family of compounds has a unique crystal structure, 
yet it also reflects a concept common to all copper-oxide-based 
superconductors. By now it is well established that superconduc- 
tivity is associated with layers of Cu-0 octahedra, pyramids 
and squares. The remaining structural building blocks are seen 
as the electron acceptors which induce the holes necessary for 
superconductivity in the Cu-0 layers. For YBa a Cu 3 0 6+ «, for 
example, we have shown in detail how the CuO« chains act as 
charge reservoirs, and how superconductivity depends on charge 
transfer between chains and planes 5 . 

To illustrate the concept of local charge distribution, one may 
rewrite the formulae of the high-T c copper-oxide superconduc- 
tors as follows: YBajCujOjCuOa]; SraCaCuaOJBijO*]; 
Ba 2 CaC* 2 0<fn 2 0j; Sr 2 (Y, CaJCujOJPbjCuOa+tf]; where the 
structural components in square brackets act as reservoirs which 
control the charge on the superconducting Cu-0 planes. The 
PbO-CuO,-PbO reservoir layer is likely to be exceptionally 
flexible in accommodation of charge, and we therefore expect 
that a relationship between T e and oxygen stoichiometry as 
unusual as that for YBajCujO^a will eventually be observed 
The wide ranges of metal-atom and oxygen-atom stoichiometrics 
in this new family of superconductors are of considerable inter* 
est, and warrant further study with the aim of understanding 
and optimizing the superconducting properties*. 

We thank D. W. Murphy and K. Rabe for helpful discussions;. 
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3 Crystallographic and magnetic properties of perovskite and 
perovskite-related compounds*) 

3.0 Introduction — Einleitung 
3.0.1 General remarks - Allgemeines 



The perovskites form a family of compounds 
having a crystal structure similar to that of the 
mineral perovskite, CaTi0 3 . There are two classes 
of materials crystallizing with this general structure 
type: primarily ionic materials having the ideal 
chemical formula ABX 3 , (A = larger cation, B = 
smaller cation, X = anion), and alloys having the 
ideal formula M C XM 3 , (X = interstitial atom, M c 
and M* are metal atoms). Of these two classes, the 
former is much larger and the more important. 

The stability of the ABX 3 perovskite structure 
is primarily derived from the electrostatic (Made- 
lung) energy achieved if cations occupy corner- 
shared octahedra. Thus the first prerequisite for a 
stable ABX 3 perovskite is the existence of stable, 
polar octahedral-site building blocks. This, in turn, 
requires that the B cation have a preference for 
octahedral coordination and that there be an effec- 
tive charge on the B cation. Since any A cation 
must occupy the relatively large anionic interstice 
created by corner-shared octahedra, a second pre- 
requisite is an appropriate size for the A cation. 
Where it is too large, the B-X bond length cannot 
be optimized, and hexagonal stacking with face- 
shared octahedra becomes competitive. Where the 
A cation is too small, A-X bonding stabilizes struc- 
tures having a smaller anionic coordination about 
the A cation. Thus ABX 3 perovskites are common- 
ly found in fluorides and oxides having B cations 
with a preference energy for octahedral coordina- 
tion. By contrast, the chlorides and sulfides, having 
larger anions, not only require the largest A cations, 
but also form layer structures, where the A cations 
are missing, because they have anionic d orbitals 
energetically available for orbital hybridization. 



There are many perovskite-related structures, 
and these have been included in these tables. For 
example, the structure can tolerate mixed systems 
such as A 1 _ X A^BX 3 and AB^B^X,, A-cationic 
vacancies □ as in □ l - x A x BX 3 , and cationic order- 
ing as in A 2 BB'X 6 . Although anion-deficient 
perovskites have been reported many times, the 
anion vacancies © are probably not distributed 
randomly. In compounds containing Fe 3 * ions, for 
example, they appear to condense in pairs at indi- 
vidual B-site octahedra to convert the local anion 
interstice from an octahedron to a tetrahedron. In 



Die Perowskite sind eine Gruppe von Verbin- 
dungen mit der gleichen Kristallstruktur wie das 
Mineral Perowskit, CaTiO s . Man unterscheidet zwei 
Klassen von Substanzen, die in diesem allgememen 
Strukturtyp kristallisieren: in erster Linie Ionen- 
verbindungen mit der idealen chemischen Formel 
ABX 3 (A = groBeresKation,B = kleineres Kation, 
X = Anion) und Legierungen mit der idealen 
Formel M C XM 3 (X = Zwischengitteratom. M c und 
W = MetaUatome). Von diesen beiden Klassen ist 
die erstere wesentlich umfangreicher und wichtiger. 

Die Stabilitat der ABX s -Perowskitstruktur be- 
ruht in erster Linie auf der elektrostatischen (Made- 
lung-) Energie, die dann zustande kommt, wenn 
Kationen Oktaeder mit gemeinsamen Ecken be- 
setzen. So ist die Existenz von stabilen, polaren 
Oktaeder-Bausteinen die erste Vorbedingung fur 
ein stabiles ABX 3 -Perowskit. Dies wiederum er- 
fordert, dafi das B-Kation die Oktaeder-Koordina- 
tion bevorzugt und daC beim B-Kation eine effek- 
tive Ladung existiert. Da ein jedes A-Kation die 
relativ groQe Anionen-Lucke besetzen muO, die 
zwischen Oktaedern mit gemeinsamen Ecken ent- 
steht, ist die passende GroBe des A-Kations die 
zweite Vorbedingung. Wenn das A-Kation zu grofi 
ist, lafit sich der optimale B-X-Bindungsabstand 
nicht erreichen, und eine hexagonale Packung von 
Oktaedern mit gemeinsamen Flachen kann ebenso 
auftreten. Wenn das A-Kation zu klein ist, ergibt 
die A-X-Bindung Strukturen mit einer kleineren 
Anionen-Koordination um das A-Kation. Daher 
sind ABX 3 -Perowskite gewohnlich unter den Fluo 
riden und Oxiden zu finden, in denen die B-Kati- 
onen Oktaeder- Koordination energetisch bevor 
zugen. Dagegen erfordern Chloride und Sulfide 
die groOere Anionen haben, nicht nur die groBten 
A- Kationen, sondern sie bilden, weil sie anionische 
<Z-Elektronenbahnen mit der richtigen Energie fiir 
eine Bahn-Hybridisierung haben, auch Schicht 
strukturen, bei denen die A-Kationen ganz fehlen 
Es gibt viele dem Perowskit verwandte Struk- 
turen, die in diese Tabellen aufgenommen wurden 
Zum ' Beispiel konnen gemischte Systeme wie 
Aj^A^BXa und AB M BiX, mit dieser Struktur 
auftreten, weiter A-Kationenliicken □ wie m 
□^^BXa und geordnete Kationen wie in 
A 2 BB'X 6 . t)ber Perowskite mit Anionenlucken 
ist schon haufig berichtet worden, vermutlich 
sind die Anionenleerstellen © nicht willkiirlich 
verteilt. In Verbindungen, die Fe^-Ionen enthal 
ten, scheinen sie z. B. paarweise im Oktaeder eines 
einzelnen B-Platzes zusammenzutreffen und die 



*) This work was sponsered by the U. S. Air Force. 
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compounds containing Ti 4+ ions, on the other hand, 
it is more probable that local rearrangements of the 
anions form trigonal bipyramidal sites. Anion- 
deficient, ionic materials in which there are no A- 
cations, such as C|W0 3 _ x , have been shown to 
contain DBX 3 blocks connected by "shear" planes 
across which the occupied octahedra share common 
edges (Fig. 22). On the other hand, anion defi- 
ciencies may occur randomly in the M c X l _ J M5 
alloys. B-cation defects cannot occur, because the 
B-occupied octahedra form the basis of the ABX 3 - 
perovskite structure. Where there are apparent B- 
cation vacancies, as in A m B m _ 1 X 3m , there is either 
an interleaving of perovskite layers with A 2 X 2 layers 
(Fig. 23) or an interleaving of cubic (perovskite) 
stacking of A0 3 layers with regularly spaced hexago- 
nal stackings at which are located the B-ion vacan- 
cies (Fig. 24). Similarly, the series of compounds 
(AX) m (ABX 3 ) n crystallize with an interleaving of 
rocksalt layers (Fig. 25). Interleaving of cubic- 
stacked A0 3 layers and hexagonal-stacked layers 
also occurs in ABX 3 compounds having too large 
an A cation to be accommodated by the perovskite 
structure (Fig. 3). Finally, there are a few alloys 
with interesting magnetic properties that can be 
classified as A 2 BB*X 6 compounds if the symbols B 
and B 1 are allowed to represent atomic clusters 
rather than single cations. These are illustrated, 
for example, by the alloy Al 2 (AlCo 12 )(Co 8 )B 6 (Fig. 
18). Sections 3.1 and 3.2 are devoted to descriptions 
of the perovskite and perovskite-related structures. 



The ABX 3 perovskites exhibit several interest- 
ing physical properties such as f erroelectricity (as in 
BaTiO a ), ferromagnetism (as in SrRuO,), weak 
ferromagnetism (as in LaFeO s or HoFe0 3 ), super- 
conductivity (as in SrTiOs-J, a large thermal con- 
ductivity due to exciton transport (LaCoO,), insu- 
lator-to-metallic transitions of interest for thermis- 
tor applications (as in LaCoO s ), fluorescence com- 
patible with laser action (as in LaA10 3 :Nd), and 
transport properties of interest for high-tempera- 
ture thermoelectric power (as in La 2 Cu0 4 ). A few 
ABX 3 perovskites have been found that are si- 
multaneously antiferromagnetic and ferroelectric 
[Sm 16, Mi7, Sm9]. The simultaneous occurrence of 
f erroelectricity and ferromagnetism has been report- 
ed for systems like Sr 0 ^Lao^MnOj-ATiOg (A = 
Ba, Pb, Bi„. 6 K 0 . 5 ) [ToS, To6]. Many of the M c XMj 
perovskite alloys are ferromagnetic or ferrimagnetic, 
and a few exhibit first-order ferrimagnetic-to-ferro- 
magnetic transitions. Nevertheless, the significance 
of the entire perovskite family for the field of 
magnetism*) lies not yet in their technological 
applications, but in their provision of an isostruc- 
tural series of compounds having outer d electrons 
that are localized and spontaneously magnetic in 



*) The technologically important dielectric properties are 
outside the scope of this summary. See Vol. ITI/3of the 
New Series of Landolt-Bornstein. 



dortige Anionenlucke von einem Oktaeder in einen 
Tetraeder umzuwandeln. Bei Verbindungen, die 
Ti 4 +-Ionen enthalten, ist es dagegen wahrschein- 
licher, daB die lokale Anordnung der Anionen tri- 
gonale Doppelpyramiden-Platze bildet. Fur Ionen- 
verbindungen mit Anionenlucken, die keine A- 
Kationen haben, wie QWOs-,, ist gezeigt worden, 
daB sie □BX 3 -B16cke enthalten, die durch „Gleit"- 
ebenen verbunden sind, in denen die besetzten 
Oktaeder gemeinsame Kan ten innehaben (Fig. 22). 
In M c X 1 _ J Mf-Legierungen konnen jedoch Anionen- 
lucken auch beliebig auftreten. B-Kationenliicken 
konnen nicht vorkommen, weil die von B besetzten 
Oktaeder die Basis der ABX 3 -Perowskitstruktur 
bilden. Wo scheinbare B-Kationenleerstellen auf- 
treten, wie in A m B fn _ 1 X 3m , sind entweder A 2 X 2 - 
Schichten zwischen Perowskitschichten eingescho- 
ben (Fig. 23), Oder kubische (Perowskit-) Anord- 
nungen von A0 3 -Schichten wechseln mit regel- 
mafiig verteilten hexagonalen Anordnungen, in 
denen die B-Ionenliicken auftreten, ab (Fig. 24). 
Ahnlich kristallisieren die Verbindungen der Reihe 
(AX) m (ABX 3 ) n mit einer Einschiebung von Stein- 
salzschichten (Fig. 25). Einschiebungen von ku- 
bisch gepackten A0 3 -Schichten und hexagonal ge- 
packten Schichten treten auch in solchen ABX 3 - 
Verbindungen auf, deren A- Ration fur die Perows- 
kit- Struktur zu groB ist (Fig. 3). SchlieBlich gibt 
es einige wenige Legierungen mit interessanten 
magnetischen Eigenschaften, die als A 2 BB'X 6 - 
Verbindungen eingeordnet werden konnen, wenn 
man unter den Symbolen B und B' Atomgruppen 
statt einzelner Kationen versteht, Dies gilt z. B. 
fur die Legierung Al 2 (AlCo 12 )(Co 8 )B 6 (Fig. 18). Die 
Abschnitte 3.1 und 3.2 sind der Beschreibung der 
Perowskit- und verwandter Strukturen gewidmet. 

Die ABX 3 -Perowskite weisen einige interessante 
physikalische Eigenschaften auf, wie Ferroelektrizi- 
tat (in BaTi0 3 ), Ferromagnetismus (in SrRu0 3 ), 
schwachen Ferromagnetismus (in LaFe0 3 Oder 
HoFeO,), Supraleitfahigkeit (in SrTiO s _J, groBe 
Warmeieitfahigkeit durch Excitonentransport (in 
LaCo0 3 ), fiir Thermistoren interessante t)bergange 
zwischen Nichtleiter und metallischem Leiter (in 
LaCoO s ), fiir Laser- An wendungen geeignete Fluo- 
reszenz (in LaA10 5 :Nd), und Transporteigenschaf- 
ten, die fiir ThermospannungenbeihohenTempera- 
turen von Interesse sind (inLa 2 Cu0 4 ). Einige wenige 
ABX s -Perowskite wurden gefunden, die sowohl 
ferromagnetisch als auch ferroelektrisch sind [Sm16, 
Mi7 t Sm9]. Das gleichzeitige Auftreten von Ferro- 
elektrizitat und Ferromagnetismus wurde bei 
Systemen wie Sr 0 . 25 La 0 . 75 MnO 3 -ATiO 3 (A = Ba, 
Pb, Bi 0 . 5 K 0 . 5 ) [To3, To6] beschrieben. Viele M c XMj- 
Perowskitlegierungen sind ferromagnetisch oder fer- 
rimagnetisch, und einige zeigen t)bergange erster 
Ordnung von Ferri- zu Ferromagnetismus. Trotz 
dem liegt die Bedeutung der gesamten Perowskit 
Familie fiir den Magnetismus*) noch nicht in der 
technologischen Anwendung, sondern im Vorhan 
densein einer isostrukturellen Reihe von Verbin 



*) Die technologist wichtigen dielektrischen Eigenschaf- 
ten liegen nicht im Rahmen dieser Zusammenstellung 
Siche Band III/3 der Neuen Serie des Landolt-Bornstein 
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one member, collective and spontaneously magnetic 
in another, and collective and Pauli paramagnetic 
in yet another. This permits a systematic experi- 
mental investigation of the properties of the d elec- 
trons on passing through the transition from a 
localized character, where crystal-field plus super- 
exchange and/or double-exchange theories apply, 
to an uncorrected (except below a superconducting 
transition temperature) collective-electron charac- 
ter, where the conventional band theory applies. 
In addition, the simplicity of the perovskite ABX 3 
structure minimizes competitive magnetic inter- 
actions between neighboring magnetic cations. 
Therefore from a study of magnetic order, as re- 
vealed by neutron diffraction, together with de- 
tailed structural information, as revealed by x-ray 
diffraction, it has been possible to test the semi- 
empirical rules for 180° cation-anion-cation iso- 
tropic superexchange interactions between localized 
electrons, the double-exchange hypothesis, anti- 
symmetric exchange, and predictions of magnetic 
order and spontaneous atomic moments due to 
collective electrons. 



Section 3.3 presents the general phenomenologi- 
cal exchange Hamiltonian for localized electrons 
and summarizes the microscopic models for iso- 
tropic superexchange, double exchange, and anti- 
symmetric exchange. From these models, general 
rules for the interactions responsible for magnetic 
order are developed for comparison with the tabu- 
lated magnetic data. 



Section 3.4 presents the fundamental physical 
concepts needed to construct a qualitative phase 
diagram for the outer d electrons as a function of 
the number n\ of electrons per relevant orbital, the 
magnitude of a nearest-neighbor transfer energy b, 
and the temperature T. It also summarizes the 
various characters of several physical properties 
imparted by outer electrons to show how they can 
be used to distinguish the electronic phases in differ- 
ent perovskites. Information from the tabulated 
data is used to show the influence of covalence and 
intra-atomic exchange, which help determine the 
parameter b, on the character of the electrons. 
Spontaneous collective-electron magnetism is seen 
to occur only in a narrow transitional interval of b 
between localized -electron magnetism and collec- 
tive-electron Pauli paramagnetism. 



Section 3.5 provides schematic energy diagrams 
for the alloys M C XM£. These are shown to be useful 
guides to predictions of the magnitudes of the 
atomic moments and the magnetic order. 



dungen mit aufieren d-Elektronen, die lokalisiert 
und spontan magnetisch in der einen Verbindung, 
kollektiv und spontan magnetisch in einer ande- 
ren, und kollektiv und Pauli-paramagnetisch in 
noch einer weiteren sind. Dies erlaubt systema- 
tische experimentelle Untersuchungen der Eigen- 
schaften der rf-Elektronen, indem man von einem 
lokalisierten Zustand, in dem Kristallfeld plus 
Superaustausch- und/oder Doppelaustausch-Theo- 
rien gelten, zu einem Zustand unkorrelierter Kollek- 
tivelektronen (auBer bei Temperaturen unterhalb 
des Obergangs zur Supraleitung) ubergeht, in dem 
die konventionelle Bandertheorie anzuwenden ist. 
Weiterhin fiihrt die Einfachheit der Perowskit- 
ABX 3 -Struktur zu minimalen konkurrierenden 
Wechselwirkungen zwischen benachbarten magne- 
tischen Kationen. Aufgrund der Untersuchung der 
magnetischen Ordnung, die man durch die Neutro- 
nenbeugung kennt, und einer genauen Kenntnis der 
Struktur, wie man sie durch Rontgenbeugung 
gewonnen hat, war es deshalb moglich, die halb- 
empirischen Gesetze iiber die iso trope 180°-Kation- 
Anion— Kation— Superaustausch— Wechselwirkung 
zwischen lokalisierten Elektronen, die Doppelaus- 
tausch-Hypothese, den antisymmetrischen Aus- 
tausch und Voraussagen fiir magnetische Ord- 
nung und spontane Atom-Momente, die von Kollek- 
tivelektronen herriihren, zu piiifen. 

' Der Abschnitt 3.3 enthalt den allgemeinen pha- 
nomenologischen Hamilton-Austausch-Operator 
fur lokalisierte Elektronen und faCt die mikroskopi- 
schen Modelle fiir den isotropen Superaustausch, 
den Doppelaustausch und den antisymmetrischen 
Austausch zusammen. Aus diesen Modellen werden 
allgemeine Regeln fiir die Wechselwirkungen, die 
fiir die magnetische Ordnung verantwortlich sind, 
zum Vergleich mit den tabellierten Daten ent- 
wickelt. 

Der Abschnitt 3.4 enthalt die grundlegenden 
physikalischen Ideen, die fiir die Herstellung eines 
qualitativen Phasendiagramms fiir die auBeren d- 
Elektronen als Funktion der Elektronenzahl n t pro 
betreffenden Bahnzustand, der GroOe einer t)ber- 
tragungsenergie b zwischen nachsten Nachbarn und 
der Temperatur T notwendig sind. AuBerdem wer- 
den hier verschiedene Charakteristika einiger durch 
die auBeren Elektronen gegebenen physikalischen 
Eigenschaften zusammengestellt, urn zu zeigen, wie 
man mit ihrer Hilfe die elektronischen Phasen ver- 
schiedener Perowskite unterscheiden kann. Auf 
Grund der tabellierten Werte wird der EinfluC von 
Kovalenz und intra-atomarem Austausch, die 
den Parameter b mitbestimmen, auf den Charakter 
der Elektronen gezeigt. Spontane Magnetisierung 
der Kollektiveiektronen tritt, wie man sieht, nur in 
einem schmalen Obergangsintervall von b zwischen 
dem Magnetismus lokalisierter Elektronen und dem 
Pauli-Paramagnetismus der Kollektiveiektronen 
auf. 

Der Abschnitt 3.5 enthalt schematische Energie- 
diagramme fiir die LegierungenM c XM|. Es wird ge- 
zeigt, daB sie zu brauchbaren Voraussagen iiber die 
Grofie der Atom-Momcntc und die magnetische 
Ordnung fiihren konnen. 
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In the introductions to the sections 3.2 — 3.5 
we have referenced the principle theoretical contri- 
bution discussed, but no attempt was made to do 
this systematically for the experimental contribu- 
tions, which are thoroughly referenced in the ta- 
bles. — In the crystallographic tables, the crystal 
parameters quoted either represent the most com- 
plete analysis, in our judgment, or belong to the 
most complete set of parameters for a series of 
similar compounds. They do not necessarily re- 
present the historical reference that established the 
unit-cell dimensions. 



Literature was considered up to 1969. 

Finally, we would like to thank David Maho- 
ney for his willing assistance, the library and publi- 
cations personnel of Lincoln Laboratory for their 
efficient support, and Mrs. G. E. Boyd for her help 
with all the foreign references. 



In den Einleitungen zu den Abschnitten 
3.2 --3.5 haben wir die grundlegenden theoretischen 
Beitrage, die diskutiert werden, mit Literaturhin- 
weisen versehen; fur die experimentellen Beitrage 
haben wir dies nicht systematisch durchzufuhren 
versucht, da die entsprechenden Tabellen voll- 
standig mit Literaturhinweisen versehen sind. — 
In den kristallographischen Tabellen stellen die an- 
gefiihrten Kristallparameter entweder die nach 
unserer Beurteilung vollstandigste Analyse dar, 
oder sie gehoren zum vollstandigsten Satz von 
Parametern f iir eine Reihe ahnlicher Verbindungen. 
Sie geben nicht notwendigerweise den historischen 
Literaturhinweis, der die Dimensionen der Ein- 
heitszelle festlegte. 

Die Literatur wurde bis 1969 berucksichtigt. 

SchlieBlich mochten wir David Mahoney fur 
seine bereitwillige Hilfe, den Angestellten der Bi- 
bliothek und der Veroffentlichungsabteilung des 
Lincoln-Laboratoriums fur ihre wirksame Unter- 
stiitzung und Mrs. G. E. Boyd fur ihre Hilfe bei der 
auslandischen Literatur danken. 



symmetry 



a, b, c [A] 
cx, p, y [deg] 
©trans, ©ord [°K] 

r m elt[°K] 

61 i 
'A.B.B' [A] 



magnetic order 



«eff 

Oc [°K] 
©N [°K] 
& r [°K] 

e p [°k] 

0' [°K] 

C m [emu °K mole" 1 ] 
X z [emu/g], [cm 8 /g] 
Xm [emu/mole] 
Pa. P A M 
Pm> P ixv) 
P* 

/nn/k [°K] 
d 

<*w [erg/cm 2 ] 



3.0.2 Symbols and units used in tables and figures 

Crystallographic structure 

symmetry classification for perovskite structures: C = cubic, H — hexagonal, 
R = rhombohedral, O — orthorhombic (a < O' = orthorhombic 

(c/V2 < a), T = tetragonal, M = monoclinic, Tr == triclinic 
lattice parameters 

angle between crystallographic axes 
crystallographic transition and ordering temperatures 
Debye temperature 
melting temperature 
elastic constants 
crystalline strains 
radius of A, B, B' cation 

Magnetic properties (static measurements) 

see magnetic structure type from Fig. 26 

atomic moment and component of atomic moment parallel to net ferromagnetic 

moment in numbers of Bohr magnetons: p A == Wa^b _ 
net mag netiz ation per molecule in numbers of Bohr magneton: p m — n m ^ B 
« e£f = 1^8 C m is the effective paramagnetic moment: p^ = «eff Kb 
Curie temperature 

Neel temperature; extrapolated Neel temperature 
temperature for spin reorientation 

paramagnetic Curie temperature (0 P < 0 if antiferromagnetic coupling) 
temperature below which parasitic n A deviates appreciably from 0.05 
molar Curie constant determined from Curie-Weiss law x m = ^m/(^ ~~ ®p) 
specific paramagnetic susceptibility 
molar paramagnetic susceptibility 
atomic moment, atomic moment of element A 
molecular moment (of molecule xy) 



effective paramagnetic moment: p* = Vx m T 

isotropic exchange constant of Eq. (16) for near-neighbor interactions 
Ln-Fe interaction parameter defined by 

M (t) = a 0 (0) B (0 [1 + {d/t)] t where * = T/O c and B [t) is the Brillouin function 
domain wall energy density z 
net near-neighbor Weiss molecular field constant: = W^Mj 
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{[Gauss cm 3 /g] 
[emu/g] 
a 0 [emu/g] 

H a [Oe] 
crit [Oc] 

(X 

b v b 2 [dyn/cm 2 ] 

^100 



Jb* fa ► 



e, AE 
Fa, G Vj 



v B [Hz] 
Av [Hz] 
7\ [sec] 
T 2 [sec] 
r te [sec] 



magnetic moment per gram = specific magnetization 

specific parasitic (weak) magnetization as obtained from a — <x 0 -f XgH* 
spontaneous specific magnetization 
externally applied field 

critical applied field for antiferromagnctic-ferromagnctic transition or for spin- 
flop transition 
coercivity 
cant angle 

magnetoelectric coefficients 

magnetostriction constant for [100] direction: A lo0 = — 46 1 /3(c ll — c 12 ) 
components of the tensor describing the quadratic dependence of magnetization 

on applied field : Eq. (36) 
the Bohr magneton = 5585 cmu/g 
torque : T = a X H & 

Magnetic properties (resonance measurements) 

effective crystal line-anisotropy field 
exchange field 

spin-canting field (Dzialoshinskii field) 
internal magnetic field at the nucleus 
axial hyperfine field arising from nuclear polarization 

hyperfine field J- AS, where / = nuclear spin, S = net atomic spin, and the 



A., A, 



components of the interaction tensor are A 5 , A M , A a ^ 
fraction of unpaired s, p a or p n electron spins involved in covalent bonding 



2 P - 



f = 2SA3/AH3 = i NlA|,/ n A = 2SA a /A fP = i NJ£ /* = 2SA Jl /A 2P = i N?X 



J 

See Eq. (4) for N e , N t , A 8 , A a , X n . 
nuclear quadrupole coupling constant and quadrupole splitting 

8 

dipolar and quadrupolar magnetoelastic coefficients: &g\ = ZF Vi ?i and 
6 t f i = I 

d\ = ZGijCj, where .^spin-lattice — t*B "a * <5 9 * & -h s ' d * s 

resonance frequency for NMR 
half -line width 

nuclear spin-lattice relaxation time 
nuclear spin-spin relaxation time 

nuclear spin-lattice relaxation time during a locking pulso 



n 
€ o 

Q [7cm] 
vto. vlo [Hz] 



Optical measurements 

index of refraction 
low-frequency dielectric constant 
Faraday rotation 

frequency of transverse and longitudinal optical modes 



0c3 
£p 

q [Qcm] 
5[txV/°K] 
e [esu] 

c, n- lt n± [cm -3 ] 

H [cm 2 /Vsec] 

t [sec] 

m* [g] 

D 0 [cm 2 /sec] 

N ± 



T[°K] 
P 



Transport measurements 

superconducting critical temperature 
Fermi energy 

activation energy for a small -polaron hop 

electrical resistivity 

Seebeck coefficient 

magnitude of the electronic charge 

charge-carrier density 

charge-carrier mobility 

charge-carrier collision time 

charge-carrier effective mass 

charge-carrier diffusion coefficient at £ a =0 

density of unoccupied states: 2(27i*n± k T/h z ) z/z 

General properties 

temperature 
pressure 

specific heat at constant pressure 
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Abbreviations for text and indices 


AFMR 


antiferromagnetic resonance 


APR 


acoustic paramagnetic resonance 


BPW 


Bethe-Peierls-Weiss method 


C, cub 


cubic 


DS 


Danielson- Stevens method 


DTA 


differential thermal analysis 


ESR 


electron spin resonance = paramagnetic resonance 


fx. 


face-centered permutation 


FMR 


ferromagnetic resonance 


F B 


ferromagnetic with reduced n k 


H, hex, hex (nL) 


hexagonal, hexagonal n-layer structure 


I.R. 


infrared 


Ln 


Lanthanon = any of the rare-earth elements 


MF 


molecular field approximation 


M, mon 


monoclinic 


XT A "D 

NAK 


nuclear acoustic resonance 


JNMrv. 




ncub 


noncubic 


0, 0\ orth 


orthorhombic (0: a < c/YZ; O : c/K2 < a) 


P&S 


reference to preparation and structural information 


Prep. 


reference to material preparation 


Prop. 


reference to material properties 


pscub 


pseudocubic 


psmon 


pseudomonoclinic 


R, rh 


rhombohedral 


RW 


Rushbrooke-Wood method 


S. G. 


space group 


S.S. 


solid solution 


T t tetr 


tetragonal 


Tr, tr 


triclinic 



3.1 Descriptions of stoichiometric ABX 3 and M C XM| structures 

3.1.1 The ideal perovskite structure 

The ideal perovskite structure has the cubic unit cell of Fig. 1 with space group Pm3m. Fig. 1 (a) 
shows the corner-sharing octahedral units (BX 3 array in ABX, and XMj array in M c XMj), which form the 
stable skeleton of the structure. The A cation (or M c atom) occupies the body-center position. Fig. 1 (b) 
shows the unit cell with the A cation (or M° atom) at the origin, or corner position. This shows the f ace- 
centered-cubic character (with Cu s Au-type order) of the AXs or M C M* subarrays. Fig. 1 (c) shows the cubic 
perovskite on an hexagonal basis, with the c axis along the cubic [1 1 1] direction. The alternate AX 3 and B 
ionic layers each have cubic stacking. Also indicated is the ordering of B and B' layers in the ordered 
A(Bi/ 3 B l/3 )X 3 structures. 




a h c 

Fig. 1. ABX„ McXMj. Ideal perovskite structure: a) B cation (or X atom) at origin, b) M* atom (or A cation) at origin, 
c) A cation at origin in hexagonal basis [Ga/0]. 
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The alloys M'XMj are stabilized by covalent M-X bonding and by metallic M-M bonding, so that they 
are generally cubic. Only in phases exhibiting complex magnetic order are there distortions to lower 
symmetry. On the other hand, the ABX, perovskites, which are primarily stabilized by the Madelung 
energy, are rarely cubic at normal temperatures. Madelung energy calculations are available [Ro15a, 

Sa2 Altifough cubic at high temperatures, most ABX S compounds exhibit distortions to lower symmetry 
below some temperature ©trans as a result of atomic displacements. Such displacive transitions can be 
described by a finite set of normal vibrational modes that become soft, their vibrational frequency in- 
creasing with T > ©trans- From Landau's [La2] theory of phase transitions, it may be argued [Hal. Co2] 
that at a second-order displacive transition, the frequency of one normal mode becomes zero. Thus the 
occurrence of ferroelectricity in perovskite-type crystals such as BaTiO, has been correlated both theoreti- 
cally and experimentally [An2, Cot , Ba17, Co28, Ne8. Sh26\ with the existence of a transverse optic mode 
of lattice vibration having wave number ft « 0 and a temperature-dependent frequency m ~ ( 1 - fcWd 

Similarly in the case of LaA10 s softening of a single normal mode can produce the R3c-to-cubic 
transition, and this transition is probably second-order. Investigation [Hal] of the atomic displacements 
involved in other distortions from cubic symmetry, on the other hand, has shown that several normal 
modes' are involved, and these displacive transitions are first-order. ouci 

SrTiO. exhibits a tetragonal (DJS with c/a = 1.00056) to cubic transition at ©trans = ] 10 *\ L y. 2 - 
that appears to illustrate the softening of a triply degenerate phonon at the R point of the Bnlloum zone 
in the cubic phase. For T < ©trans, it splits into two zone-center phonons having a frequency depen- 
dence co ~ (©trans - [F12]. In the presence of an external electric field £ B the symmetry is further 
reduced to C <v if £ a II c-axis, or C iT if £ a 1 c-axis, and the critical modes have the same symmetry as 
the ferroelectric TO modes. "Anticrossing" of the modes occurs for £» = 1.5 kV/cm and 15 kV/cm [Ne/, 
Wo19]. Thus the observed [HeS] maximum in the electric susceptibility of SrTiO a at very low tempera- 
tures does not appear to be associated with a ferroelectric transition. 

Theoretical interest in the analytic description of these phase transitions continues [Go la, Mu4a, 

Tfl The physical origins of the various crystallographic distortions may be separated into three parts: 
relative ionic sizes, electron ordering among localized electrons, and electron ordering among collective 
electrons. 

3.1.2 The influence of relative ionic sizes 

3.1.2.1 Tolerance factor 

The first prerequisite for a stable perovskite structure is the existence of a stable BX 3 skeletal subarray. 
If the B-cation radius is r B < 0.51 A in oxides, for example, the B cation does not achieve its optimum 
B-0 separation in an octahedral site and therefore stabilizes a structure with a smaller anion coordmation 
The Al'+ ion is borderline, being stable in four, five or six coordination. However, Ga»+ Ge«+ and V + 
ions are definitely more stable in tetrahedral sites at ambient pressures. 

Given the BX. skeletal subarray, additional stabilization is achieved by accommodating a large A 
cation within this skeleton. Because there is an optimum A-X bond length, the presence of an A atom 
generally distorts the BX, array so as to optimize the A-X bonding. However, if this distortion is too large, 
then other space groups become competitive. Goldschmidt [Go2] defined the tolerable limits on the size 
of the A cation via a tolerance factor 

t = (r A + r x )0{r B + r x ) U) 
where r k r n r x are empirical radii of the respective ions. By geometry, the ideal cubic structure should 
have t = 1 The perovskite structure occurs only within the range 0.75 < t < 1.00. However, this is not 
a sufficient condition, since the A and B cations must, in themselves, be stable in twelvefold (12 or 8 + 4 or 
6+6) and sixfold coordinations. This sets lower bounds for the cationic radii. In oxides these bounds 
are r. > 0.90 A and r B > 0.51 A. In addition, Megaw [Me5] noted that, if 0.75 < t < 0.9, a cooperative 
buckling of the corner-shared octahedra to optimize the A-X bond lengths enlarges the unit cell ; on the 
other hand if 0.9 < t < 1. such buckling may not be found, although small distortions to rhombohedral 
symmetry occur. These structures are to be distinguished from perovskites that exhibit additional distor- 
tions as a result of electron ordering. The cubic phase is found at high temperatures or where the A-X 
bond is more ionic (especially if t « 1). ..... 4. „ •„ 

Where the A cation is too small (r A < 0.9 A) to accommodate twelve nearest neighbors, a structure in 
which the A and B cations are both six-coordinated becomes competitive. From the phase diagram of 
Fig 2 for the oxides A»+B s +0„ which has been adapted from Schneider, Roth, and Waring [5c/JJ, the 
initial competition is the C-M^, structure, which contains two unusual types of corner-shared, six- 
coordinated sites. The C-M 2 O s structure consists of a face-centered-cubic array of cations with anions 
occupying * of the tetrahedral interstices in an ordered manner. Thus each cation has six out of eight 
near-neighbor anions at the corners of a circumscribing cube: i of the cations have two anions missing at 
the ends of a body diagonal and * of the cations have two anions missing at the end of a face diagonal 01 
the circumscribing cube. This arrangement minimizes the electrostatic repulsive forces between the cations. 
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Fig. 2. General r A - r B phase diagram for A» + B» + O a com- 
pounds based on ionic-size considerations. Exceptions may 
occur where considerations other than ionic radii r A , r B 
become important, as in the case A = Bi. A similar plot for 
A 1+ B* + 0» perovskites is not useful because secondary con- 
siderations are amplified by ferroelectric distortions and the 
possibility of different layer sequences where larger A cations 
are present. [Adapted from Sc13], 



Given smaller A cations, however, electrostatic screening between face-shared octahedra can be 
achieved by displacements of the cations away from the shared face, and the structure competitive with 
perovskite is generally built from an hexagonal-close-packed anion array, which has octahedral holes 
sharing common faces along the c-axis. With one octahedral hole per anion and a cation/anion ratio ,2/3, 
the cations are ordered among these holes so as to minimize the electrostatic energy If the A and B cations 
carry the same charge, as in A»+B»+O s . only pairs of cations share common octahedral-site faces and there 
is no ordering of A and B within the cationic array. This allows the electrostatic force between two cations 
sharing a common octahedral face to be reduced by displacements of the rations away from each_ other^ 
thus distorting the octahedra. The result is the corundum structure of A1 8 0,. If the cations A and B carry 
different charges as in A*+B«+0„ then the A and the B cations order into alternate puckered cationic 
(111) planes of the rhombohedral corundum structure to form the ilmenite structure. However, where 
there Fsalarge difference in thecationic charges, as in Li+Sb'+O, and Li+Nb'+O s , two other alternatives 
become competitive: (1) The A+ ions order in strings of face-shared octahedra so as to permit the 
B*+-ion octahedra to share only edges with near-neighbor occupied octahedra. This ; structure > » illustra- 
ted bv LiSbO, (Ed1]. (2) After ordering B«+ and Li+ ions whithin each cationic (111) plane of the corun 
dum structure in such a way that B*+ and Li+ ions share common octahedral-site faces^ each A+ cation 
is then displaced into the far face of its octahedron, where it is equally spaced from B»+ cations above 
and below so long as the B»+ cations remain in the centers of their octahedra. This is the structure of 

VU t^^^l^i h >m *» close-packed AX,layers of Fig. 1(c) tend to change their 
stacking sequence from cubic to hexagonal. However, the change from the all-cubic stacking of the 
rhombohedral perovskite structure to the all-hexagonal stacking of the hexagonal (hex 2L) CsNiCl, 
stricture goes via the three intermediate steps shown in Fig. 3 [Lol]. The first step is the ^agonal 
BaTiO, structure of Fig. 3(c). It is a six-layer structure with stacking sequence a-b-c-a-c-b-a, corresponding 
to one hexagonal stackLg out of three. In this structure (hex. 6L). two-out-of-three B cations form paus 
sharing a Common octahedral-site face, and one-out-of-three B cation shares only common octahedral-site 
corners as'in the perovskite structure. Many ordered compounds A s B I B'0, are known to have this 
structure. kThe second step, illustrated by the hexagonal BaMnO, structure of Fig. 3(d) alternates hexa- 
gonal and cubic stackings with the sequence a-b-o-b-a. This four-layer structure (hex. 4 L) , contains only 
B-cation pairs sharing common octahedral-site faces. The electrostatic forces between paired I B-cations m 
Figs 3(c) (d) displace the paired cations from one another along the c axis, exactly as in the corundum 




Fig. 3. Stable structures intermediate to a) cubic perovskite and b) the two-layer hexagonal CsNiCl. stmcture. e) ^-layer 
hexagonal BaTiO, structure, d) four-layer hexagonal BaMnO, structure, e) mne-layer hexagonal BaRuO, structure. 
[Adapted from Ca2]. 



Goodenough/Longo 



133 



3.1 ABX 3 Perowskit-Struktur 



[Lit. S. 275 



structure. The third step is the nine-layer (hex. 9L) structure of BaRuO s , which has two hexagonal 
stackings out of three in the sequence a-b-c-b-c-a-c-a-b-a. Here the B cations form strings of three sharing 
common octahedral-site faces along the c-axis. Electrostatic forces displace the two end-member B cations 
away from the center B cation of each string, as shown in Fig. 3 (e). Because cubic stacking is stabilized 
by hydrostatic pressure, it is possible to convert under pressure and high temperature the hexagonal 
structures to the perovskite structure through the successive sequence of steps. This is well illustrated by 
the Ba^Sr.RuOj system as shown in Fig. 4(a). These particular intermediate structures appear to be 
stabilized by the cation displacements, but at the cost of alternating the stacking sequence. The (hex. 4L) 
structure, which has the maximum alternation of stacking, is not always found, and the intermediate 
structures tend to be stabilized by smaller B cations, as illustrated in Fig. 4(b). 
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Fig. 4. a) Ba,_ x Sr x RuO,. p - x phase diagram where p is 
hydrostatic pressure [jLo/], b) structural phase diagram of 
CsBF 3 compounds [Lo/fr]. 



SrRuO, 

3.1.2.2 O-orthorhombic structure 



Cooperative buckling of corner-shared octahedra, although indexed on a monoclinic pseudocell in 
earlier work, may produce the orthorhombic primitive cell of Fig. 5 containing four formula units. It was 
first identified in single crystals of GdFeO a [Ge1] and later confirmed [Co2/]. Powder photographs taken 
with CrK a radiation could be indexed on the monoclinic pseudocell containing a single GdFeO s molecule, 
which is the origin of the earlier classification. The pseudocell dimensions of GdFeO a are a = c = 3.87 A, 
b = 3.83 A, p = 92.8°, where 26pseudoceU = ctrueceii- The true orthorhombic cell is referred to in the tables 
as O-orthorhombic and is distinguished from the O' -orthorhombic structure by a lattice-parameter ratio 




Fig. 5. GdFeOj. O-orthorhombic structure. 

4>ab = BjXjjB,, & = BjXjB,. 

Fig. from [Vet 2], structure [Ge1], coordinates[Co2/]. 
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cja > Vl, where a < b. The O'-orthorhombic structure, which has c/a < V2, is the result of a super- 
posed Jahn-Teller (with or without spin-orbit coupling) distortion. It is also to be distinguished from ferro- 
electric OB-orthorhombic and Og-orthorhombic distortions in which each B cation is removed from the 
center of symmetry of its interstice. Other orthorhombic distortions have been reported for NdGaOj 
[Br26] and NaCoF 3 [Oft 5]. 

The O-orthorhombic unit cell has the probable space group Pbnm with A cations in positions 4 (c) : 
±{*> y> i'> £ - \ + y, i), the B cations in 4{b): (|, 0, 0; £, 0,J; 0, 0; 0, £, $), eight anions X n in 
8 (d) : ±( x > y> *\ i — x * \ + J> \ — z '» x > y* i + z > i + x * i ~ y> z )> anc * the remaining four anions X t in 
4 (c). Coordinates for the ions in GdFe0 3 are also given in Fig. 5. 

The buckling of the corner-shared octahedra decreases the cation-anion-cation angle <P from 180°. If 
the B cations and the anions are distinguished as B 2 (J, 0, 0), B 2 (0, \, 0), B 3 (£, 0, |), Xn (J + x, £ — y, z)> 
and X r (J — x, \ -f y, J), then the two representative angles are # ab = {B x — X u — B 2 ) and <Z> C = 
(B 2 — Xi — B 3 ). Gilleo [Gi4] has estimated that in La(Co 0 2 Mn 0 8 )0 3 these angles are # ab = 150° ± 3° 
and <2> c = 177° ± 3° with B x - O n = 1.95 A, B 2 - O n = 2.10 A, Bj - Oj = B 3 - = 1.96 A. The 
angles in GdFeO a are similar. 

3.1.2.3 Rhombohedral structures 

Where there is no buckling of the octahedra, the perovskites ABX 3 may have a small deformation 
from cubic to rhombohedral symmetry. Where this deformation does not enlarge the unit cell, it is 
possible to index it either on a unit cell containing two formula units, as shown in Fig. 6, or on a unit cell 
containing one formula unit. The corresponding rhombohedral angles are <x « 60°ora « 90°. In the early 
literature, detailed anion positions were not known, and it was common to use the smaller cell with 
a s» 90°. However, the anions are generally displaced so as to require the larger unit cell of Fig. 6, 
which has a ^60°. m 




Fig. 6. Rhombohedral ABX 3 structures: a) anion shifts for symmetry R3c; b) the simplest ionic displacements, corre- 
sponding to symmetry R3m for ordered A t BB'X, structures having r B ' > r B [RaJ]. 

Anion displacements from their ideal positions may be of three different types: (1) AX 3 (111) planes 
remain equidistant from neighboring B-cation (111) planes, leaving all the B-cations equivalent. Within 
these planes, three A— X distances are reduced and three are enlarged via cooperative rotations of the 
B-cation octahedra, as shown in Fig. 6(a). (2) The anions may move within pseudocubic {110} planes 
including the B-B axes so as to create two distinguishable B positions : B positions having a shorter B-X 
separation and B* positions having a larger B'-X separation. This gives the symmetry R3m, which allows 
the A cations to be displaced along the [111] axis so as to make thejeparations B-A ^ B'-A. (3) In the 
most general case, the anion displacements may be decomposed into R3c and R3m components. The result- 
ing symmetry R3 also gives distinguishable B and B' positions via its R3m component. 

Although the distinction between these possibilities has been determined in only a few cases, it appears 
that R3c can be anticipated unless there is a physical reason for creating two distinguishable positions B 
and B 1 . This conclusion is based on the fact that La AJO s has been shown to have the symmetry R3c by 
neutron diffraction, [Del 4] nuclear quadrupole resonance [Mu5], electron-spin resonance, [KiJ] and x-ray 
techniques [Ge4b, Del 7], It is strongly supported by the observation [Ra3] that LaCoO s has the symmetry 
R3c at low temperatures, where all of the trivalent cobalt are in their low-spin 1 state, but has the symmetry 
R3 at higher temperatures where thermal activation creates a nearly equal population of high-spin and 
low-spin cobalt ions. These are crystallographically distinguishable, via different ionic radii, as B and B\ 
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3.1.3 The influence of localized-electron ordering 
3.1.3.1 Crystal-field theory 

Crystal-field theory rests on the assumption that the outer electrons to be described are localized at 
discrete atomic positions. This assumption is valid for outer / electrons; it is valid for d electrons in 
fluorides and in many oxides. Given this assumption, the Schroedinger equation tp = E y> that describes 
the localized orbitals and their energies contains the Hamiltonian 

J? =jf 0 + V* + + (V LS + ^ncub + V x + 27 V U ) (2) 

where Jt> 0 is the Hamiltonian for a hydrogen-like, spherical potential, V* is the atomic correction for 
spherical symmetry that enters if there is more than one outer d electron, and V^h is the energy correc- 
tion due to the cubic component of the crystalline fields. For outer d electrons, and K CTb are generally 
wl eV, and the ion is in a high-spin or a low-spin state depending upon the relative magnitudes of these 
two terms. In the case of 3d electrons, the perturbations listed within the parentheses are all <0.1 eV, 
and they must be considered simultaneously. V LS = A L • S is the spin-orbit coupling energy, and covalent 
rnixing reduces slightly the parameter A from its free-atom value. V ncuh is the noncubic component of the 
crystalline field, V x is the elastic coupling energy associated with cooperative local distortions, and V u is 
the magnetic exchange energy coupling localized atomic moments on neighboring cations. 

Solution of the zero-order equation ^ 0 V = £ V gi ves hydrogenic wave functions f Um = R%{t) Y?{V, 9h 
From the spherical harmonics YH*. the d electrons (/ = 2) have the following angular dependence 
and azimuthal-angular-momentum quantum number m derived from L z f = —ihdf/d<f> — mhf: 

f k „ (3^ _ ,2)/ r 2 = (3 cos 2 0 - 1) ; tn =0 

(/d ± «/e) ~2(z*± iyz)\v* = sin 26 exp(±t0) ; m = ±1 (3) 

(/b ± */c) ~ (* 2 ~ y* ± *Zxy)l** = sinZ 6 exp(±*2^); w = ±2 

where B, <}> are conventional spherical coordinates. The perturbation reflects the fact that outer 
electrons of parallel spin are excluded from one another and therefore screen each other less from the 
positive atomic nucleus than do those of antiparallel spin. This correction is responsible for Hund's 
highest-multiphcity rule for the free atoms. It influences the radial part of the wave function, and hence 
the relative energies of states of different spin, but not the angular part. 

Given the cartesian axes at a B cation formed by the principal axes of its octahedral interstice, the 
five d orbitals of Eq. (3) are separated into two symmetry groups; / A and/ B , which are directed along the 
cartesian axes toward near-neighbor anions, have E t symmetry and are referred to as e z orbitals; / c , / D , 
and / E , which are more stable because they are directed away from the near-neighbor anions, have T %z 
symmetry and are referred to as t 2g orbitals. The principal contribution to the cubic-field splitting 10 Dq 
of r 2e and E z energies is due to covalent mixing, not to electrostatic energies as calculated on a point- 
charge model. If covalent mixing with the near-neighbor anionic and A-cationic orbitals is introduced 
then the crystalline localized orbitals of t 2z and e z symmetry become 

Vt = *t(/t - + A A ^ A ) ( 4 ) 

where / t and f t are linear combinations of the atomic f c , / D , / E and / A , / B orbitals. The symmetrized 
anionic p n , s and orbitals are 0 n , & and <f> a ; the symmetrized A-catonic s, p orbitals are <j> A . The covalent- 
mixing parameters X c , X n , A A , A 8 are roughly proportional to the overlap integral for atomic orbitals on 
neighboring ions and inversely proportional to their energy separation. Initially, the energy separations of 
cationic d and <f> a or <f>„ are given by E M - E v the difference between the Madelung energy and ionization 
potentials for the "effective" ionic charges, so that by symmetry 

lODq = Am + (A| - X%) (E M - X n < X c (5) 

where Aj& is any electrostatic contribution to 10 Dq. The one-electron crystal-field splitting of the Estate 
manifold is shown in Fig. 7(a). The relationship A„ < A^ has been confirmed by nuclear magnetic 
resonance studies of KMnF s , KNiF 3 and KaNiCrF,, [ShW, Hu4\ In these experiments the fractional 
occupancies by unpaired spins of the 2s „ 2p a , and 2p n orbitals are: 

/*, = 2SAJA 2S ~ NlXl fx a = 2SAJA tp ~Nl%, fx n = 2SA n jA tv ~N\X% 

where A t is the isotropic component and A a . A n the anisotropic components of the hyperfine interaction 
tensor A i} entering the nuclear spin-electron spin coupling energy Eft - Ajj • S y Interpretation of the 
phenomenological parameters X n , X a and 10 Dq has been discussed extensively [Hu4]. 

With more than one outer d electron or d hole, it is necessary to introduce V ei , which is responsible 
for Hund's highest multiplicity rule (highest net S and L) for the free atoms. For four outer electrons, 
the atomic ground term is therefore 5 D. In a crystal, this rule may break down as a result of the crystalline 
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fields. Schematically, the Hund splitting J C x for states of different spin and the one-electron splitting 10 Dq 
may be represented on the same energy diagram, as shown in Fig. 7 (b). It follows from this figure that 
with four to eight outer d electrons, the magnitude of the net ground-state spin depends upon whether 
(4er — 10 Dq) is positive or negative. If J e x > 10 Dq, the ion is in a high-spin state; if < 10 Dq, 
Pd 




e g {\) 
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e g maxima an cartesian axes 
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Fig. 7. One-electron crystal-field splitting of the Estate manifold of a transition-metal B cation in a cubic perovskite: 
a) A cx — 0 and b) schematically for A ei ^ 0, corresponding to more than one outer d electron. 

Hund's rule breaks down and the ion is in a low-spin state. Since A& decreases with larger radial exten- 
sion of the crystalline wave functions, it decreases with increasing covalent-mixing parameters X , A n . 
Simultaneously, from Eq. (5) it follows that 10 Dq increases with increasing covalency. Therefore there 
is a critical amount of covalent bonding beyond which Hund's rule breaks down. Covalency with a 
particular anionic sublattice increases with cationic charge and on going to the right through any long 
period of the periodic table. In oxides with the perovskite structure, only divalent and trivalent ions of 
the first long period are high-spin. Of these, trivalent nickel is low-spin and trivalent cobalt exhibits a 
variable high-spin to low-spin population as a function of temperature. 

In general, it is necessary to use a multi-electron notation for the outer d electrons. Whereas atomic D 
states are split by the crystalline fields as shown in Fig. 7, atomic F states are split as shown in Fig. 8. 
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Octahedral-site splitting of atomic F states: a) two-electron *F states and b) two-hole *F states. 



Because the operator L z = —ihd/d</> is imaginary, the crystal-field splitting of f B and/ c quenches the 
orbital angular momentum associated with these orbitals, so that the e s orbitals have m = 0, 0 and the 
orbitals have m = 0, ± 1. An isomorphism between f c , / D , / B and atomic P orbitals simplifies calcula- 
tion of Vis. It is possible to treat the t tz orbitals as atomic P orbitals if the sign of the spin-orbit-coupling 
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parameter A is reversed [Gt9]. Therefore ground states having an orbital degeneracy and m ^ 0 are split 
by Vls m *° (2/ + 1) multiplet states corresponding to states of different / = L + S. However, the 
order of the levels is inverted (largest / lowest for less than five d electrons, smallest / lowest for more 
than five d electrons) because of the change in sign of X. According to the Lande interval rule, the separa- 
tion between states / and / + 1 is | X \ (J -f- 1). The first-order multiplet splittings, which do not include 
mixing of higher states of similar symmetry, are shown in Fig. 9 for Fe 2+ and Co 2+ ions. Note that the 
term is now identified by its symmetry character T zg or T lg rather than by its atomic orbital-momentum 
character D or F. Tab. 1 summarizes the various symmetry notations for different spin states. 
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Fig. 9. Schematic spin-orbit plus trigonal-field, or tetragonal-field, splittings of cubic-field levels as u function of the 
ratio <$/( ~X) for a) *T t% level of Fe*+ and b) *T lg level of Co 2+ . 



Spin-orbit coupling introduces an axial symmetry to the charge distribution, where the spin (or 
atomic-moment) defines the axis. Therefore, if there is a noncubic component to the crystalline field 
(J^ncub 0), then there is a spin-lattice interaction via the orbital-lattice interaction that introduces a 
magnetic anisotropy. For localized electrons, this is a local, one-ion anisotropy. Conversely, if the spins 
are ordered below some transition temperature, then the local interstices have time to relax about the 
noncubic charge distribution, thereby distorting the octahedral site. Therefore there is an intimate 
connection between the noncubic symmetry and the magnitude of the multiplet splitting. The noncubic 
component is usually parametrized as 

K nc ub = <5(Z,i-f), (6) 

and Fig. 9 includes the total perturbation V LS + F ncu b of the onc-elcctron and two-electron ground states. 

With one or two holes in a half -shell, the one-electron and two-electron energy diagrams are inverted. 
In these cases M L = 2}mi = 0, so that V LS — 0, and there is no multiplet splitting. 

Tab. 1 also displays the general ground-state wave functions for a magnetically ordered phase having 
collinear spins. The coefficients a lt a 3 of the Kramers' doublets and b lf b 2 of the singlets all depend 
upon the relative magnitudes of the five perturbation terms V LS -f V ncuh + V x + M? z where jf z is 
the Zeeman energy due to the internal molecular field resulting from magnetic order. The molecular- 
field approximation is used for the first-order, isotropic magnetic-coupling energy 3^ %Xt which is the 
dominant term in E [see discussion of Eq. (13)]. This gives 

Jfz ~2/ p <S>S Z ' (7) 

where / p , the sum of all near-neighbor exchange parameters, can be determined from the temperature 
dependence of the magnetic susceptibility and z is along the axis of the average spin <S> on the neighboring 
cations. This term contributes to the spectroscopic-splitting factory, and hence to the net atomic moment, 
if Vls 0- I n Tab. 1, the components of the wave functions are designated by the notation \Ml, M s >, 
where M Lt M s are the azimuthal quantum numbers for the net orbital and spin momenta. 
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3.1.3.2 Jahn-Teller distortions 

If the cubic-field ground state of the B cation is an orbitally two-fold-degenerate £ e state, then the 
t zz orbitals are either full or half-filled, so that M L = 0, and there is no spin-orbit coupling (V LS = 0). 
Jahn and Teller \Ja6] have shown that, if there is no perturbation available to remove a ground- 
state orbital degeneracy, then there will be a spontaneous distortion to lower local symmetry below some 
transition temperature ©trans < ^meit where T^u is the melting point. Since the energy gained by a local 
distortion is reduced by the work done against the elastic restoring forces of the crystal, transition tem- 
peratures ©trans are small for isolated ions. However, if all of the B cations are similar, then cooperative 
distortions are possible, and the net energy gained per ion is much greater because of the elastic-coupling 
energy V x of Eq. (2). Such a cooperative phenomenon is characterized by thermal hysteresis and a definite 
(usually first-order) transition temperature. Since they are due to electronic ordering, such transitions 
are martensitic. 

Van Vleck [ValS] pointed out that the normal vibrational modes that split an E z electronic state 
are themselves twofold-degenerate with symmetry E z . One mode gives the interstice a tetragonal distor- 
tion, the other an orthorhombic distortion. It follows that, from first-order theory, there is no static 
distortion of the interstice, only a dynamic coupling between the electronic charge density and the 
vibrational modes. Moreover, this dynamic coupling greatly enhances the two E z vibrational modes and 
gives a dynamic splitting of the electronic E z state. This mechanism has important consequences for the 
acoustic properties and, as discussed in 3.3, for the sign of the magnetic superexchange coupling. 

Inclusion in the theory of higher-order coupling terms and anharmonic elastic terms shows that a 
static, tetragonal (c/a > 1) distortion of the interstice is stable below some ©trans [KaW]. This sign for 
the static distortion was first established experimentally through the interpretation [Go 15] and further 
study of cooperative tetragonal-to-cubic transitions in spinel systems. However, application to the perov- 
skites requires a solution of the lowest-energy cooperative distortion via inclusion of the elastic-coupling 
energy V x . Goodenough [Go6] proposed that individual tetragonal (c/a > 1) octahedra order their long 
axes alternately along [100] and [010] axes of the pseudocubic cell. Kanamori [KalO] generalized this 
solution to include an orthorhombic component to the local-octahedron distortions. This gives B-B 
separations within (001) planes having a long (1) and a short (s) B-X separation and along the [001] axis 
two intermediate (m) B-X separations where s < m < (1 -|- s)/2. This prediction was later verified by 
Hepworth and Jack [He9] for □ MnF 3 and by Okazaki [Ok /] for KCuF s (see Fig. 10). Superposition 
of this distortion on an O-orthorhombic cell stabilizes the unique axis along the orthorhombic c-axis, and 
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the axial ratios of the O-orthorhombic cell are transformed from a < c/V2 to c/V2 < a. To signal the fact 
that a Jahn-Teller distortion (with or without spin-orbit coupling) has been superposed on a distortion 
due to relative ionic sizes, the notation O'-orthorhombic is used in Tab. 2 wherever c/Vl < a. 

The important B cations that exhibit dynamic and static Jahn-Teller stabilizations in the absence 
of spin-orbit coupling are : Cu 2 + *E t {$ t e\) t Cr*+andMn*+ ^E t (t\ t e\), Ni m z E z (t\ z e\), where Roman numer- 
als are used for the valence state of a low-spin cation. Tab. 2 shows that O'-orthorhombic symmetry 
above a magnetic-ordering temperature is associated with these ions, provided the electrons are localized, 
and only with these ions, with the exception of LaV0 3 and CeV0 3 , where sharply enhanced distortions 
appear abruptly below © N [RoS; GotO]. The cubic 3 T lg state of V 3 + is orbitally threefold-degenerate, so 
that it may Jnduce small distortions above © N , larger distortions below © N (see discussion Go 14). LaNiO s 
remains R3c because the e z electrons are collective. In La 2 Li 0i5 Ni 0i6 O 4 crystals, on the other hand, the 
ordered Ni m ions have localized e z electrons, and there is a tetragonal (c/a > 1) distortion. The sign of 
this distortion is manifest by the large c/a ratio. Strictly speaking, this is not a Jahn-Teller distortion, since 
the K 2 NiF 4 structure is tetragonal, but ordering of the localized electron of unpaired spin in the tetragonal 
field distorts the Ni m octahedra to tetragonal symmetry with axes parallel to the unique axis. Pure 
Jahn-Teller distortions can be distinguished from distortions associated with spin-orbit coupling because 
they are independent of magnetic order and generally occur at a ©trans above the magnetic-ordering 
temperature. 

3.1.3.3 Spin-orbit coupling 

B cations having cubic-field ground-state terms T %% or T lf are orbitally threefold-degenerate with 
M L = 0, ±1, so that V LS ^ 0. The combined perturbations V LS + K ncub separate into secular equations 
for different Mj, as shown in Fig. 9. With a single outer electron, the 2 T 2g cubic-field term is split in two, 
the energies for different Mj shifting by 



where X > 0. In a cubic field 



£f/ 2 = -i* + \X ± £{<5* + X6 + 



£3/2 = E 



1/2 



(8) 



(9) 



and spin-orbit coupling leaves an orbitally twofold -degenerate ground state. Therefore it is necessary to 
consider an additional Jahn-Teller stabilization via Kncni, -f K^-f^z- Goodenough [Go/4] has 
shown that it is necessary to consider two temperature regions : T > © N and T < © N , where © N is the 
temperature below which the spins order collinearly. In the paramagnetic domain T > © N , the molecular 
fields vanish (<S> = 0) and, from Eq. (7), 3^z — 0. In this case, the ground-state energy varies as 
(<5 2 /A). Since the work done against elastic restoring forces is q 2 6 2 , there is a spontaneous Jahn-Teller 
distortion, corresponding to 6 > 0, at a ©trans > © N only if the product Xq 2 is relatively small. In the 
magnetically ordered state (T < © N ), on the other hand, there is an internal molecular field H^i at each 
atom, which produces a Zeeman splitting of the orbitals of different spin. The magnitude of this splitting 
depends upon the spectroscopic splitting factor, which has the components 

g* = 2 - 2 gl (S/X) and g ± =2+ gl {d/X) (10) 

where g x > 0. Therefore the Zeeman splitting in the molecular fields is maximized by making S < 0 and 
having the spins parallel to the unique axis defined by <5. Further, this energy is linear in <5, so that a 
spontaneous distortion should occur at some ©trans < ©n- A similar argument holds for the orbitally 
twofold-degenerate 7 = 1 and / = £ states of octahedral-site Fe 2 + 5 T 2e and Co 2+ 4 T lff . 

In summary, if multiplet splitting leaves a ground state with a twofold, accidental orbital degeneracy, 
then there is a spontaneous Jahn-Teller distortion at some ©trans that removes this degeneracy. If 
©trans > ©n, then 6 > 0. However, this alternative requires special crystallographic conditions that do 
not appear to be met in perovskites. On the other hand, a ©trans < ©n and 6 < 0 can be generally anti- 
cipated wherever the spins order collinearly and the d electrons are localized. Further, from Eqs. (3) and 
(6), it follows that T u states (one outer t tg electron) have 8 < 0 if the site symmetry is tetragonal (c/a > 1), 
whereas T u states (two outer t tz electrons) have 6 < 0 if it is tetragonal (c/a < 1). Alternatively, distor- 
tions of the site symmetry may be to trigonal symmetry. A S < 0 corresponds to a < 60° for T 2g states, 
to a > 60° for T n states. These relationships are also summarized in Tab. 1. Experimentally, Fe 2 + & T 2g 
octahedra become trigonal (a < 60°) below © N , as exhibited by KFeF 3 , whereas Co 2 + *T 19 octahedra 
become tetragonal (c/a < 1) below ©n, as exhibited by KCoF 8 . Where ©trans = ©n, the magnetic- 
ordering temperature may be first-order. In addition, the spontaneous distortions introduce large magne- 
tostriction and magnetic anisotropy. 

The cubic-field ground state of V s+ Z T 1Z is orbitally threefold-degenerate. As a result, any sponta- 
neous distortion must correspond to 8 < 0, i.e., tetragonal (c/a < 1) or trigonal (<x > 60°). However, as 
in the other cases 1 a ©trans < ©n is to be expected in the perovskite structure. The V 3+ ion generally 
occurs in an O-orthorhombic perovskite, and superposition of a tegragonal (c/a < 1) distortion with 
coincident unique axes again results in O'-orthorhombic symmetry. The perovskite LaVO $ exhibits an 
abrupt contraction of the c-axis on cooling through © N . 
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3.1.4 The influence of collective-electron ordering 
3.1.4.1 Band theory 

Conventional band theory rests on three principal assumptions: (1) A description of the outer electrons 
may be built up from solutions of a single electron moving in a periodic potential. (2) Multiplet structure 
on individual atoms may be disregarded. (3) Electron-phonon interactions may be treated as a small 
perturbation. For an infinite crystal, the unperturbed solution of running waves in a periodic potential 
gives the Bloch functions and energies 

Vfcm = exp(*7c • r) u km (r); E h = E 0 + * 2 A 2 /2m* (11) 

where hk is the momentum of an electron of effective mass *n* and t<fe(r) is a periodic function. In the 
tight-binding approximation appropriate for narrow bands, the Bloch functions are 

. N 

y , k (r) = \/VN Texp (ik • H n ) w(r - K n ) 
1 

where w(r — H n ) is a localized wave function for the atom at /t n defined by 

w(r — #f n ) = i/fhTlcxp [ik • (r - R a )]u k (r) 

n 

and w*(r) is a localized crystalline orbital. At the Brilloin-zone boundries defined by 

21c - K + |K| 2 =0, (12) 

where K is a reciprocal lattice vector, there are energy discontinuities in energy-momentum space. In 
polar insulators, this introduces an energy gap E g between occupied, primarily anionic states and empty, 
primarily cationic states. Cooperative displacements S of the cationic sublattice relative to the anionic 
sublattice may increase this gap, thereby stabilizing the total energy of the occupied states by e 2 <5 2 . Since 
the resulting elastic-strain energy is q 2 d-, there can be a spontaneous displacement only for the exceptional 
case q 2 < e 2 and a ground state corresponding to a small distortion parameter <5. In this case vibrational 
entropy may stabilize the higher symmetry at the higher temperatures. This differs from the usual 
criterion for spontaneous distortions, where a term linear in 6 is identified. There appear to be two situa- 
tions occuring in perovskites where the requirement q 2 < e% is met: (1) Where B-cations have empty d 
orbitals, there is a critical range of covalent-mixing parameters through which the site preference changes 
from octahedral to tetrahedral. In this range q z is very small for B-cation displacements within an octa- 
hedron that reduce the coordination number from six towards four. The origin of the small q 2 is a balance 
of the electrostatic energy lost and covalent-bond energy gained on going to smaller anion coordination. 
(2) The high polarizability of the outer core electrons of Pb 2 "*" and Bi 3+ ions makes q 2 relatively small, so 
that displacements that permit a relatively large e 2 can occur spontaneously. 

What distinguishes these spontaneous distortions from those due to an ordering of localized electrons 
is the displacement of the cations from the centers of symmetry of their interstices. (The Jahn-Teller 
distortions, with or without spin-orbit coupling, leave the cations in the centers of symmetry of their 
interstices.) Unlike the structures, such as corundum, where pairs of octahedra share a common face, 
these cationic displacements from the centers of symmetry of their interstices do not follow from point- 
charge electrostatic arguments. In polar insulators, these displacements lead to ferroelectricity or anti- 
ferroclectricity, and they often induce displacements of neighboring cations. Further, where the require- 
ment q t m e 2 occurs just above ©trans, there must be a strong interaction of the bonding (mostly anionic) 
electrons with those vibrational modes that anticipate the cooperative ionic displacements below Otwns- 
These "soft" vibrational modes impart several anomalous physical properties, including a high electric 
susceptibility. 

3.1.4.2 Distortions due to B-X bonding 

Transition-metal cations having no outer d electrons have the following site preferences: 
Sc s * Ti^+ . V*+ Cr 6 '- Mn 7 ^ 

Y»* Zr*+ Nb 5+ Mo«+ Tc 7 + 

Hf*+ Ta»* W£+ ReJ+ 

where cations at the left of each row have definite octahedral-site (or larger anion coordination) preference 
and those to the right have definite tetrahedral-site preference. Those underlined by a solid line may be 
stabilized in the octahedral sites of a perovskite-type structure, but they tend to induce spontaneous 
ferroelectric or antiferroelectric distortions, the ions moving cooperatively out of the centers of symmetry 
of their interstices. The ions underlined by dashed lines only occur in ordered perovskites A^BB'0 6 and 
A^BjOg. In general, they are found in tetrahedral sites or in strongly distorted octahedral sites. How- 
ever, in the ordered perosvkites they are able to strongly polarize the anion near neighbors so as to stabilize 
the octahedral symmetry. 
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It is significant that spontaneous'ferroelcctric distortions are only induced by B cations if these are 
transition-metal cations having empt"y d orbitals. It is also significant that the change from octahedral- 
site to tetrahedral-site preference is associated with a relative stabilization of the d orbitals (larger atormc 
number in any long period) as well as with a decrease in ionic size. (The ionic radii decrease in the order 
Y»+ Sc s + Hf*+ Zr*+ Ta»+ Nb 5 + Ti 4 + W+, Mo«+, Re 7 + V*+ Tc'+. Cr»+, Mn'+). The greater the relative 
stability of the 'd orbitals, the larger are the parameters X a and X n of Eq. (4). and these are enhanced by 
any displacement that decreases a B-X separation. Such an enhancement stabilizes the occupied states 
at the expense of the d states, and a net stabilization can occur if the d states are empty. Also the smaller 
the cationic size the smaller the elastic resistance to displacements within an octahedral interstice. (Pne- 
nomenological ionic models for the ferroelectric distortions have also been given [Me7 Ha33\) 

There are three B-cation displacements relative to their octahedral interstices that would simulta- 
neously stabilize the occupied anionic p n orbitals relative to the unoccupied t 2e orbitals: (1) Tetragonal 
symmetry. Displacements along an [001] axis that create alternate long and short B-X distances along 
this axis would stabilize s, p a and the two p. orbitals per anion on this axis and strongly polarize the 
charge density toward the short B-X separation. (2) Orthorhombic symmetry. Displacement along a [110] 
axis that created two shortest and two longest B-X distances would stabilize the s. p„ and the two p„ 
orbitals per anion on two out of the three cartesian axes. (3) Rhombohedral symmetry. Outplacement 
along a [11 1] axis would stabilize the s, p a and the two p n orbitals per anion on all the anions. These three 

possibilitiesareillustratedinFig.il. 

Such distortions also induce changes in the A-X separations, and the particular cooperative distortion 
that is stabilized depends upon the character of the A-X bonding. The covalency contribution to the A-X 
bond increases with formal A cationic charge; for a fixed charge it decreases with increasing atomic 
number of the A cation down any column of the periodic table. If A-X covalent bonding is relatively 
strong and the perovskite is distorted to O-orthorhombic symmetry, all ferroelectric distortions may be 
quenched because the />„ orbitals are stabilized by a-bonding with the A cations This appears ; to be 
illustrated by CaTiO s , and almost so by SrTiO,. On the other hand, if the A atom is stabilized by a 
polarization of its outer core electrons (Pb>+ and Bi'+ as discussed in 3.1.4.3), then a tetragonal, ferro- 
electric distortion is stabilized so as to allow a cooperative displacement of the A and B cations, the A 
cation moving along the [001] axis to stabilize two />„ orbitals per anion not on [001] axes. This is illustrated 
by the PbTiO, structure of Fig. 12. If the covalency contribution to the A-X bonding is relatively weak, 
then the B-X covalency contribution should dominate. For large A cations (/ >0.^, this would stabilize 
a ferroelectric, rhombohedral distortion at lowest temperatures as illustrated by BaTiO a . As the tempera- 
ture increases, successive distorted structures (Rg-Og - T^ C) mteoduce mcremental additions to 
the entropy. However, a small A cation and weak A-X covalency contribution may lead to a f^^nc 
distortion superposed on the O-orthorhombic structure to give tte O £^horhombic structure of CdTiO, 
or NaTaO, shown in Fig. 1 3. Even more complex distortions are found m NaNbO, [ Vo6). The room-tern- 
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Fig. 11. Possible B-cationic displacements within their 
octahedra in ferroelectric or antifcrroolcctric distortions. 
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Fig. 13. Ionic displacements in a) CdTi0 3 and 
b) NaTaO a [Ka22]. 



Fig. 1 2. Tetragonal PbTiO, : a) environment of Ti 
and b) environment of Pb [Sh2f]. 
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perature form has parallel pairs of (001) NbO s planes coupled antiparallel to give an antiferroelectric phase, 
as shown in Fig. 14. The Na atoms are also displaced antiparallel to one another. 

3.1.4.3 Distortions due to core polarization: Pb 2+ and Bi^ 

Lead and bismuth are heavy ions, and the 65 orbitals are sufficiently more stable than the 6p orbitals 
that Pb J+ and Bi 3+ ions are commonly stable. However, the outer 6s 2 core electrons have a relatively 
large radial extension, making the ionic radius large, and this reduces the overlap of the 6p orbitals with 
the orbitals on near-neighbor anions. This reduction in overlap reduces the strength of the A-X bond. 
However, hybridization of 6 s and 6p orbitals, which costs the energy separation of 65 and 6p orbitals, 
produces a polarization of the outer-core electrons, so that the effective ionic radius is much smaller on 
one side of the cation than on the other. This permits the formation of a much more stable bond on one 
side of the cation, and the energy gained in this bonding may be greater than the hybridization energy 
required to polarize the core. It is for this reason that Pb l+ and Bi 3+ ions are stabilized in many crystals 
with an asymmetric anion coordination. 

There are three possible displacements of the A cations that would stabilize the anion p n orbitals 
(which a-bond with the A cations) : (1) Tetragonal symmetry. Displacement of the A cations along [001] 
axes to stabilize the two p n orbitals per anion not on [001] axes, as found for PbTi0 3 (see Fig. 12). (2) Ortho- 
rhombic symmetry. Displacement of the A cations along [110] axes to stabilize strongly one p n orbital per 
anion on [001] axes and less strongly one p„ orbital per anion not on [001] axes. The smallest induced 
distortion of the B-cation octahedra occurs for an antiferroelectric displacement of the type illustrated by 
PbZrO s , Fig. 15. (3) Rhombohedral symmetry. Displacement of the A cations along [111] axes to stabilize 
strongly one p„ orbital per anion. To be cooperative, such a distortion must be ferroelectric, as in BiFeO s , 
Fig. 16. Further, since the A cation is moved toward a B cation, there is an electrostatic repulsion between 
them that displaces the B cation from the center of symmetry of its interstice. 

Given spontaneous distortions due to A-cation displacements, there remains the possibility that elec- 
tron ordering among localized d electrons on B cations can superpose an additional distortion. Whether 
this is the origin of the triclinic symmetry reported for ferromagnetic BiMn0 3 , where Mn 3+ is a Jahn- 
Teller ion, is not known. 




y \^y OO • hb ® Na 

a: 

Fig. 14. Ionic displacements in orthorhombic NaNbO s . The 
shifts of the anions in NbO, planes and the small x shifts of 
the Nb ions have been omitted for clarity [V06]. 




h 



Fig. 15. a) Pb-ion shifts ( ~0.26 A) in a (001) plane of anti- 
ferroelectric PbZrO,. b) Distorted Zr octahedra as a result of 
simultaneous anion displacements. Zr-0 distances are given 
in [A] [Sa8, JoS]. 
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3.1.4.4 Competitive phases 

A few compounds have atomic radii compatible with the formation of a perovskite phase and yet 
are stabilized in other structures at ordinary temperature and pressure. Two important competitive 
structures of this type are represented by YA10 8 and PbRu0 3 . Both of these compounds convert to 
the perovskite structure under hydrostatic pressure. 

The hexagonal YA10 3 structure of Fig. 17(a) consists of close-packed layers having the sequence 
b-a-b'-a-b-c-b'-c-b, where b is an A-cation layer, b* is a B-X layer with anions stacked beneath A cations 
(6 stacking) and B cations in the trigonal bipyramids formed by face-shared tetrahedra in the hexagonal 
a-b-a or c-b-c anion-stacking sequence. The structure apparently forms because both the A cations and 
the B cations simultaneously approach the lower limit for cationic size: r B = 0.51 A, r x = 0.90 A. The 
small Al 5+ ion is relatively stable in the five-fold coordination of the trigonal -bipyramid sites, and the 
small Y 3+ ion is more stable in an eightfold (or 6 + 2) coordination instead of a twelvefold (or 9 + 3) 
coordination. These site preferences reflect an increased stabilization of the bonding, anionic orbitals as a 
result of closer cation-anion distances. 

The antiferromagnetic, ferroelectric compound YMn0 3 has a similar structure, but with an a-axis 
larger than that of YA10 S to give six molecules per unit cell. The Mn s+ ion can be stabilized in a trigonal- 
bipyramid site because it has four outer d electrons with configuration ej^aj, where the empty a x orbital 
is directed along the c-axis to bond covalently with the two collinear oxygen ions. The larger unit cell 
and the ferroelectricity are reflected in the complex magnetic order shown in Fig. 17(b). Below 
exchange striction favors antiferromagnetic Mn-O-O-Mn interactions. The ferroelectric transition that 
occurs above 600 °C is apparently due to the relatively large size of the Mn 8+ ion, which creates a large 
enough interstice for the Y 3+ ion that it is stabilized by a displacement from the center of symmetry of its 
interstice so as to lower its near-neighbor anion coordination from eight toward seven. 



, BiFsQ 3 
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Fig. 16. Structure of BiFeOj showing displacements 
in perovskite subcell [MiO]. 
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Fig. 17. a) Comparison of the unit cells of YAIO, (solid lines) 
and YMnO, (dashed lines), b) Magnetic structure of YMnO s 
{Bc36, Bc39\ 

a = 3.678 A, c = 10.52 A for YA10 3 . 



Cubic PbRuO s gives an x-ray pattern of the pyrochlore structure, corresponding to chemical formula 
A^B^,, and therefore may be written as PbjRujO^©. This structure is competitive with the perovskite 
structure in several PbB 4+ O s compounds. It has been shown [Lo4~\ that the anion vacancies © are located 
at the centers of Pb 2+ -ion tetrahedra sharing common corners and that the electrostatic repulsion between 
the Pb ions may be counteracted by a transfer of the two outer-core electrons per Pb ion to the © sites, which 
act as traps for four electrons per vacancy. Thus the outer core electrons at the Pb 2+ ions induce a com- 
pletely new structure rather than a ferroelectric-type displacement of the A-cations within the perovskite 
structure. This new structure contains B cations in corner-shared octahedra, as in perovskite, but the 
B-X-B angle is reduced to about 135°. This structure is also stabilized in AgSbO s [Sc22] presumably 
because there is a small effective charge on the Ag + ions. The pyrochlore A 2 B 2 0 7 structure itself is compet- 
. itive if attempts are made to force a low valence state on one of the cations. 
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3.1.5 Structures encountered with ordered B, B' cations 
3.1.5.1 Same B atom 

There are three ways of creating two different cations from the same atom : 

(1) Two A cations of different valence can create two different valence states of the same B atom, 
and these may order at lower temperature as a result of different cationic charge. The ordering temperature 
may be quite low, since only electron transfers are required for cationic ordering. This is illustrated by 
(La^Ca^) (Mnj+Mn^^)0 3 , which has the Mn 3 + Mn 4+ ordering in a rocksalt-type array. Because 
Mn 8+ (*fg«i) is a Jahn-Teller ion having localized outer d electrons, there is also a cooperative distortion 
to tetragonal (c/a > 1) symmetry of the Mn 3+ -occupied octahedra, and the ordering of these distortions 
gives a macroscopic distortion to tetragonal (c/a < 1) symmetry (see Fig. 26). 

(2) Where the energy difference between the high-spin and low-spin states of the B cation are nearly 
equal, the populations of the two energy states approach each other at higher temperatures. In LaCo0 3 , 
high-spin Co s+ and low-spin Co m are separated by only E z+ — E m & 0.08 eV, and the populations of the 
two spin states are nearly equal at 400 °K. This temperature is sufficiently low that ordering of the two 
different spin states occurs above this temperature, and the symmetry changes from R3c to R3 [Ra3]. 
In this case, it is the difference in ionic size and covalent bonding, which results in a difference in the 
effective ionic charge— not the formal ionic charge— that is the driving force for the ionic ordering. 

(3) Disproportionate of B m+ cations into B (m ~ 1>+ and B (m+1,+ cations may create ions of different size 
and charge that become ordered. This is illustrated by DPdFs, which has been shown by magnetic 
susceptibility measurements to be Pd 2+ Pd IV F 6 [Ba19]. (The A cation is missing.) Such a disproportiona- 
tion permits the formation of (PdF 6 ) 2 ~ clusters in which the anionic orbitals are stabilized by strong 
covalent mixing with the a-bonding Ad orbitals of e e symmetry. This is accomplished by a shifting of the 
F~ ions toward the Pd 4+ ions and away from the Pd 2 + ions. Simultaneously, the anionic shift reduces 
covalent mixing in the occupied, antibonding 4d orbitals of e g symmetry at the Pd 2 + ions. These orbitals 
are therefore localized and further stabilized by intra-atomic exchange (Hund splitting), so that each Pd 2+ 
ion carries an atomic moment of 2 u. B . Were there no disproportionate, the single electron per low-spin 
Pd m ion would occupy antibonding e e orbitals that were more unstable than the occupied, localized e e 
orbitals at the Pd 2 + ions. However, the transformation 2 Pd m Pd 2 + + Pd™ costs ionization energy, 
and this is usually too large (as in LaNiO a ) for disproportionate to occur. 



3.1.5.2 Different B atoms 

There are many examples of ordered B, B' structures in compounds having different B atoms: 
A+B+B ,3 +F 6 ;A 2 +B 3 +B ,5 +0 6 ,A|+B 2 +B'«+0 6 , Al+B+B^+O*; A|+B 2 +B**+0 6 , A|+B+B' 5 +0 6 , and Af+B 3 +B ,6 +O fl . 
In the A 2 BB'X 6 group, ordering is on alternate (111) planesofB cations, in the A 3 B 2 B'X 9 group the B' 
cations occupy every third B-cation (111) layer, Fig. 1 (c). The probability for an ordered arrangement 
of the B, B' cations is determined by the differences between their ionic charges and their ionic radii 
[Fe22 t Fe23 t Gal, GaW]. To first approximation, the order-disorder transition temperature 0^ induced 
by the charge difference Aq = (q % — q) at cations B' and B is 6^ ~ (A?) 2 * Thus superstructure has 
been observed in all the known compounds having ( Aq) z = 36 and 16, whereas those having (A^) 2 =4 are 
disordered unless there is a relatively large difference in ionic sizes. The minimum difference 
in ionic size that results in ordered A 2 +B 3+ B' 5+ 0 6 compounds is \r B — r B i|/f B & 0.09, and this has 
been achieved where B 1 = Nb or Ta, having empty d orbitals for the formation of stable (B'0 6 ) 7_ 
clusters, while the B cation has no relatively stable, empty d orbitals. 

Given the formation of (B'X 6 ) octahedra, a confusion arises as to where the structure corresponds to an 
ordered A 2 BB'0 6 perovskite built up of corner-shared octahedra plus A cations and where it corresponds 
to the isostructural (NH 4 ) 3 FeF e structure, which consists of discrete (B'X^) octahedra separated by A and 
B cations. (The cubic KgNaAlFj structure with space group Tj(Pa3) is similar to (NH 4 ) 3 FeF 6 , but has a 
lower symmetry because there are very small rotations of the (B'X 6 ) octahedra.) Some authors [Fe22] 
select as a criterion for the perovskite structure the cationic radius ratio r B /r A < 0.8 where r B > r w . This 
decision is based on the observation that a plot of the cubic lattice parameter a 0 vs. B-cation radius r B is a 
straight line for r B /r A < 0.8, but bends over for r B /r A > 0.8. However, this probably reflects the ratio at 
which electrostatic forces inhibit (or reverse) any A-cation displacements rather than the ratio at which 
discrete (B'X 6 ) octahedra are formed. For most physical properties this criterion is probably arbitrary. 

Without electron-ordering distortions superposed on the size effects, ordered 5 A 2 BB'X 6 perovskites can 
be described by either the O-orthorhombic cell of Fig. 5 or by the rhombohedral R3 (or R3m) cell of Fig. 6. 
Where a = 60°, a tetramolecular cubic cell may be chosen provided the A cations are not displaced from 
their ideal positions. Like cubic (NH 4 ) 3 FeF 6 , the cubic cell has the space group 0| (Fm3m) withB cations 
in 4(b) (iii); fx., A cations in 8(c) ± (J, J, J); fx., B' cations in 4(a) (0, 0, 0); f. c, and X-anions in 
24(e) ± (u, 0, 0; 0, u, 0; 0, 0, u); f.c. with 0.2 < u < 0.25. However, even where a = 60°, motions of the 
A cations along the [1 1 1] axes may occur, thereby destroying the cubic symmetry. 
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If an electron-ordering transition superposes a distortion at every other octahedron of Fig. 5, either the 
B or the B' octahedra remaining cubic, cooperative elastic interactions between the distorted octahedra 
give a further reduction in symmetry. The resulting monoclinic cell [Ft 9, B18], which is pseudotriclinic, is 
not to be confused with the pseudomonoclinic symmetry reported in early work for the O-orthorhombic 
structures. The origin of the superposed electron-ordering transition could be either a J aim-Teller ordering 
of localized electrons or a ferroelectric-type displacement of the anions about a (B'X^ octahedron. 

Several Ca 2 B 3 +Ta 5 +0 6 and Sr 2 B 3 +Nb 5 +0 6 perovskites having B = rare-earth atom exhibit the mono- 
clinic symmetry of a distorted O-orthorhombic cell [Fi8]. Since the 4/ electrons at the rare-earth ions are 
localized, it is tempting to attribute this to a Jahn-Teller distortion with spin-orbit coupling. Although 
Fig. 9 shows that the octahedral site splitting of one-electron 4/ orbitals gives orbitally threefold-degene- 
rate levels having an accidental degeneracy that is not removed by spin-orbit coupling, nevertheless there 
are two reasons why this explanation cannot be correct: (1) There is no magnetic ordering of the 4/ elec- 
trons at room temperature and (2) Sr 2 GdNbO fi shows the distortion even though Gd 3+ has a half-filled 4/ 7 
shell, which has no orbital degeneracy associated with the ground state. It is therefore concluded that the 
additional distortions are due to the potentially ferroelectric cations Nb 5+ and Ta 5 + 

3.1.5.3 Complex alloys A^BB'Xg, where B = M 13 , B' = M 8 

Several complex interstitial alloys have a formal structural relationship to the ordered perovskite 
A 2 BB'X 6 as well as interesting magnetic properties. In this group, having space group Fm3m, the B posi- 
tion is occupied by a thirteen-atom cluster consisting of a metal atom at position 4 (a) at the center of a 
cubo-octahedral, twelve-atom cluster of M atoms at positions 48 (h) ; the B 1 position is occupied by a simple 
cube of eight M' atoms at 32(f). The three principal axes of each cluster are along the cubic axes of the 
perovskite cell, as shown schematically in Fig. 18, so that each X atom at positions 24(e) has eight near 
neighbors. The eight A atoms of the tetra-molecular cell are at the 8 (c) positions. The 4 (b) position at 
the center of the clusters is empty. Alloys with this structure include the ferromagnetic borides 
Al 2 [(AlM 12 )(Mi)]B 6 , where M = Fe, Co, Ni, as well as Cr^C,,. 




Fig. 18. One quadrant of the AjBB'X, structure showing 
the atomic positions of the B = M„ and B' — Mi clusters 
[We19]. 



3.1.6 First-order magnetic transition in M C XM£ perovskites 

Many perovskites M c XMj exhibit first-order phase changes at magnetic-ordering transitions. Most of 
these are reported to be cubic-to-cubic transitions, but in ZnCMn 3 it is a tetragonal (fenimagnetic) -to- 
cubic (ferromagnetic) transition. These crystallographic changes are induced by a complex interplay of 
collective electrons in overlapping bands. Because of the intimate connection with the magnetic proper- 
ties and because of the necessarily speculative character of any model at this time, discussion of these 
compounds is deferred to 3.5. 
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3.1.7 Data: Crystallographic properties of ABX 3 , A 2 BB f X 6 , AgB^BXg and A(B a .ByB^)X 3 
compounds with perovskite or perovskite-related structure (Tab. 2) 



Tab. 2. 

Within any section, the compounds are in general first ordered according to the atomic number of the 
B cation and then by the basicity of the A cation. For the ordered perovskites of Tab. 2b, c ( d, the com- 
pounds are further ordered by the atomic number of the other B cation. The order of the sections is as 
follows : 

Tab. 2a - ABX 3 
A 2+ LiH 3 

A(H 2 0) (Li l/3 ) 3 ; A = I"\ Br^ 
A+B 2 +X 3 ; X = F" 1 , CI" 1 , Br" 1 
A+B s +0 3 ; B = V, Nb, Sb, Ta, I, Pa, U 

A 2 +B<+0 3 ; B = Ti, V, Cr, Mn, Fe, Co, Ni, Ge, Zr, Mo, Tc, Ru, Sn, Ce, Pr, Hf, Re, Ir, Pb, Th, U, 
Np, Pu 

A 2 +B*+X 3 or A 3 +B 3 +X 3 ; X = S or Se, B = Ti, Zr, Ta, In, Ga 

A 3 +B 3+ O s ; B = Al, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Ga, Y, Nb, Rh, In, Ho, Er, Tm, Yb, Lu 
Tab. 2b - A 2 BB , X 6 

A 2 BB 3 +X 6 ; X = F" 1 , CI" 1 , B 3 + = Al, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Ga, Ag, In, Ce, Pr, Au, Tl 
A 2 +A 3 +B 3 +B 4 +0 6 ; B*+ - Ti, Ir 
Aj;BB n +0 6 ; B*+ = Ti, Mn, Ge, Zr, Ru, Ir 

B 5 + = V, Nb, Sb, Ta, Bi, Pa, Pu 

B«+ = Mo, Te, W, Re 6 +* 6 + Os«+> 6 +, U 6+ » 5+ , Np 6 +, Pu s + 
B 7+ = Tc, Re, Os, I 

Tab. 2c - A 3 BB;0 9 

A 3 BB5 + 0 9 ; B*+ = Nb, Ru, Sb, Ta 

La 3 Co 2 B 5 +0 9 ; B*+ = Nb, Sb 

A 3 B 2 B 6 +0 9 ; B 6 + = Mo, W, Re, U 

Tab. 2d - a 2 +(b x b;b;')o 3 
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3.1 ABX 3 perovskite structure 



o 



3* 



! 

a 



bo 



t 

CO 



T3 

o 

Ph 

a 
c3 



CJ) -t* 

4) rt u 



to 



O O Q — , 



o 

00 



N f - 

o ' — • 

.oil* 

0 ft w 



& 

I — I 

**\ 

CO 



c ^ 
o 

u in 

£ ft 



to O hTz-i ° 

^ - 2 ^ S oq 



« co 

(3 



' — ' co q CO — 

w 8 § ii w 

P< Q 



^ P4 Pk Pk 



o ig s o > 
. . d 2 v/ ft) .9 . 



bo 

s 



bo 

8 



b0 
E 



d d 



.« O csi O c\| o e\ 

ON (J t> (J C\ y 

c^co cx,co p\co 

£ * £ *i £ «W 
ft Pk (? pL, pit pm 



fipk 



1 

I I 

+ 
O 

i — i 

% i » 
2 

$ ^ i 
p -as. § v 3 

O 



M ' — 1 o 
pL,CO 0) p. 



to ^ to 
u tl o y 

CO §coco 

i — i p i it i 

CO ^3 CO CO 

Pk % 



X3 

d 
c 

d 
o 
o 



O 





to 

o 


«\ 


<N ^ ^ ^ 

to to ,2: to 
O o Dq 


to •*» 

oqoq 


oq o 


VO Vq ^ \q ^ oo 
^ >J *^ *0 •*% >0 <N 

Co ftl CO CO Ci 


to 

O 


VO ^ ^ 

to « 3 to v ^ to ^ 








t— i 










V 00 
CM CM 






o 

O 

o 




o 

O 

\o 










o o 
O O 
ON G\ 






II 




II 










II II 






« 






















m 


co 

m rh 
in tJ| 


in 

in 


m rf 


o o ^— • m o cn t— • 
m m m co m cm m 


o 

CO 


CO 

CM ^- G\ 

tn o o 


oo 
cm m 

O ON Cn 








o 


o K 


o 


o K o o K 




o CO 


oo 






o 


CN O 

CNj rO 


00 
O 

m 


cn 


OJ 

CO <N CO CO 
CO CO CO CO 


CM 
CO 


CO 


r- so 






in 


in" in 


in 


in 


in in in in 


in 


in 


in in in 




CO 


m 

CO \£> 


rn oi <nj 


o 
cn cm 

^ <N 


o 

co m 
<n 


o o O CO 
oooh.\o\omo 




oo 

co th oo m t— 

vO VO h> h- vO 


m rf 
T-i r*- co 
vo in in 




in 


in 


in in m in 


m' in 


in 


co uS co in co in in 


in* 


co co co in 


in in uS 


H 


:« 


oo 




WO 


«o 


KOKOBOO 


o 


MHPciftHOOOOO 



o 



O 

a 

CO 



o 9 
w S 



o 

H 



o 

o 
K 



o 



a2 ^ < 



31 H^JS a 



LaDdolt-Btirnstcin, Ncnc Seric Ill/4a 



Goodenough/Longo 



161 

ii 



3.1 ABX 3 Perowskit-Struktur 



[Lit. S. 275 



o 

s 



CO ,0 



NO ^ NO O VO O 



NO vO vO NO NO NO no 



a 



© 
o 

In 

ft 



to 

00 
ft 



o 



CO u 
^ Oh 

^ *> 

ft a 



<N O 
o H 

^ CO 



3 ass 



:co, 



•*» ■** 

CO CO 
<N cm" 

Jets 



to ^ y 0q Qq 0q 



H 

CO * CO 

c« i « <** 

ft H ft 



00 00 

ft ft 



to 



r-. Cm 
5 ft ^ 

<J > »— ' 
-ti 

*n <*\ CO 
« o „ 

t — it 1 £L| 

CO 00 - 

ft ft H 



".8 



CM CM 



£ £ ^: «5 

. o ^ £5. ES 

w o . - 



> ^ ^ ^ 

o .0 O 



Qo oq 00 «y\ 
*o <a <o O 

ft; ftj ftj cq 



i i§ f ' 



ft? 



1 ^ **\, 1 — 11 — 1 - 

, fn <A ^ °o °o ^ 

52. ,^oqoqoqct|Qqct;Cfc;ct; 
co^^cooooocococococo 

^^COcy^cy^j^^jty^j 



N3 Oq nq \q \q \q \o ^ <^oo<jti<au«o^l" 
>. c\ c\ v u « m y ^1 n tiUN>N>v5N><JU© 



. C\ C\i _ 



00000000^^ 



o 
a 



0 

C7\ ^ 



in tj- cm 
^ N cn cn 

Cv CN OO 00 OO O 

^ 1^ 1^ K 



O CM 00 th VO 
NOTtNlOr< 

h* no \o 



NDhvomhooo^ 
r-Tf<N*-»ocNoocMco 
\o no « no no 10 m no 00 



rH N h rH 0O h 



vo <n 

VOmHrHrHCNl 

r- 1^ ^ 
in uS uS in uS Tt- 



^ co in x cmo n n m o 

<Nj\om Tt m no in (fi co no ^> 

mmvo NONOvONONONO\ovom 

ininuS inuSinininininuSin 



covor-ooi-«ooooot-» 
TnnininvONONONom\o 
inininuSinininininuS 



moocsiooeno ooH^ooNOtn^oo 
in in rt co n 00 mroromrocNcsimm 
ih m m in m tj- co co in in in in in ininininuSinininin 



rH 00 rO CM CO 
m Tj* Tf ^ o 



co 00 
c\ 00 



NOt^i-ifOtOCMCMTj- 

ooooincNTtovoooinoo 

TfTj-TtfnrOfONCNJrJ-xJ- 

in inininininininin'in 



CO 



id 

a 
0 
o 
P< 

1 



^OOOOOH OO HHOOOU oooooooob booooooooo 

3 — ■ — ■ ; ■ 

■I 

0 

o 



OOOO «A B 

o 0.0 aO^ 



co co co 00 o 



00 



3 TJ >> O CO w 



Si 



m M ^-S* « « » « » CO 

o o 9 200 o o g 0 W 9 o o n » 0 w 

cSft^coOW HQffi WH^h^^h^ 




162 



Goodenough/Longo 



Ref. p. 275] 



3.1 ABX 3 perovskite structi! 



a 



a 



a 



ft . ^ ° 
CM 



o 

■■8 

S £ <n ii 

a £ ^ * 



3 

I I 

> 

a> 

NO 



ft! . 



a) 
o co 



o a 



+> TJ °o « K 

2 ft « XI 
co h hi 



o 

CO 

o 



V 

V 

o 
oo 

CM 



T3 

q> 

T O 

;i 

xj 

° o 

O CO 
OO CM 
CM -rH 



(J to 

o O 

- 5 

s I 

11 J 

• S 'B 

& £ 



m 

oo 

CO 
CM 



» — I 

o 



cm Xi 



U 

° ft 

O 03 

r- 

ro - 

II ^ 

St cm 



0C| 



a * " 3 

^ ^ FT*! ST 

i 1 1 — i cm ■ ■ CM 

CO CO r? CO f? 

PM PU Ph 



ft; o 



P ^ CO 



co <u 

fO ^ 
CM 



2 | 

rv ?T> 



H t3 



! ^ i 



C) c> o ^ 
3 5 3 Z. r- 

d$ .—.ft; 

■ j cm u_j i—i o 



o K 

J-. ^~ 

« Q) 2 * 

2 ° ° 

o +> ^ o 

in a> a u< 

^ ^ - 2 ^ 



O j CO 
co tt -» 
CO CT 1 



43 CO 



Ph pu S5 



O CM O 



<u 9> 

• S +> CD 



a 



CM 

CO 
CM 



ft 
O 



O O 

ft +5 



Ml 



« o 

o 



'-a 



o 
oo 



•8 



XI o 

•a bp 

« o 



o U 
^° 

a ^ 
^ jj ^ 

CM cfl 1 — 1 



| a. 8 



'S'S 
" u ^ 

& ® ^ 

^ "Scm 

w © « 

« o 

XJ O . 

'o cv g 



' a 

S2 o 



1 rt 



r"3 ft 
i i CD 

.2 3 

tea 

o u 

a ft 

2* 
ft.w> 

X 



3 

Oi 



3 

Oi 



3 3 



3 3 ^ 



ho 
c 

CO 



CM 
CO 



o 

SO 



CO 

m 



o oo 



CO CM vO O CM 
^- OlOh in 
\o so vo m m 



oo 

rO 

m 



C\ o o 

T-H O CN 



*n cm co 

t CO Tt" 

^t: m m 



o 
in 



m cn oo 



o 
m 



m m oo o 

CM n CM 

in m m m 



in 
in 



ft 

m 
in 



oo o 

O 1-H 

m m 



CTn CM 



C3\ 



^- m co 
cm m tj- 
c\ ^ tj- rt 
uS co in in in 



m r- 
cm \o 

Tf CO 



Tl" rH O 

CO CO CM 



in 

CM 



CM 

in 



CO ON LO 

CM O C\ 
CM CM 



r- 

rH CM 



a 
o 

B 

3 



pjooooo o o ooo o 



oo 



ooo 



CD 

a 

o 
o 



3s a 



oo 

PQcoO O 



S 



E 

CO 



w «^ <o 



o 



o 
o 



og 



o 

Hi 



o 



o 



Goodenough/Longo 



163 

it* 



3.1 ABX 3 Perowskit-Struktur 



[Lit. S. 275 



b 

3 



vD O O >0 vO 



I 



bo 
C 



13 »<jj 



co 



a 
o 

3 



o 

c 
S 
£ 

CO 



d g 

o o 

(Tl flS 

Cm 

J-l ^ 



^ ^ hi 



CO £N 
* <N 
CO Q 



g VO v." ^ 



It 

2 ^ 

3 TO 

£ PQ 
a. 



ix's^^ a 



• — 1 1 — i 

S S 

aj o 
o ^ 



a 
2 

C <r-t ' 



o 



•9 

o 

CI 



6 

5e 



CO 



to 



«*\ »*\ *n 

<y\ <^ 

1i H (vj 11 QJ k. 

flq 05 Dq to Ki +j ^ 



CO CO CO 

PU: Ph 



co co 



a) *o ^ >-T *S 

£ ^ « * *" - 

O *\ U 

a b «*> 3 
o o<oq « 

+3 O ' — 1 <u 



cm 

2 
cm 

o 



^ in ^ 



4> 

oq bp 

CO 



o 
o 



2 



= 5 



0) P4 J 



•■B 

P ^ h o 

Ji <a 3 tn 

^Oq « P. 

O ' 0) o 

'i3 to ij +3 

« .0) pi, OJ 



^ cq ^ 
i ii — i 

« bb ^ OT 

tJ S 4> J3 +3 ,o 
o 

■ CO - L_J 

+3 co 



«5 K 



hs. CO 

^ p« p, p « 
-fiq » Jo 
.p ts <t> 
W2 



+* to 
bo^ 



, to 

Q. -M 
^ iJ O 

ho t) (J 

Bp 





<v l r N<Nc\|C\iC\ic\ic\c\j 
^^^^^^^^^co> 










> CN 


In 
en _ 

o O 

O T-< 

C\ o 
ti ^ 

il co 


m 

o 

O 

G\ 












^ II 


il 












II Cc x 




























Tl- O vOC\ 


oomr-cscncMfnin 

▼-ir-mooincnot^^c^ 

ooininrfTf^Tj-fo^Tf 


in t-i 
m tj- 


in 

m o 
CO rt- 


CM O 

en -^j- 


o 

m m 


CO Tj" 
















m <n 

or- r-« CM 

rj- oo in r-; 


mr^oooooocooooo 


00 


<N 

00 


^— < 

00 


o 
oo 




in rn in in 


inininininininin 


uS 


in 


in 


in 


in 


tN 

o O NO CO 

<oc\ ^ in 


c\ ro w m (O ^ M 1 * to 


m 


NO 

OJ o 


CM 
CO VO 
<N O 


CM 

CM 

CM O 


m in 

O CM 
CM t-< 


uS co in in 




in vo 


in \d 


in \d 


in \6 


in \o 


OH ob 


c^b b bob bbbKK 


bus 


OB 




OX 





CD 

d 

o 
o 



O 

+ » « 

+ ou 



od9?oodo 

§ § 2 B ^ ■ 
cj fi Jz; co W < 




O 



o 

3 



o 
a 
3 



164 



Goodenough/Longo 



Berichtigungen zu Band HI/4a 

S. 177, letzte Zeile: statt Ba^TdPaO,, lies Ba^TbPaOg 

S. 219, Zeile 16 von unten: statt KMg^NijFea lies KMg 1 . r Ni :F F 3 

S. 252, Zeile 26 von oben (Uberschrift) : statt Sr 3 Fe 3 U0 9 lies Sr 3 Fe 2 U0 9 

Errata in Vol. Ill/ 4a 

p. 177, bottom line: instead of Ba 2 TdPa0 6 read BajTbPaOe 

p. 219, line 16 from the bottom: instead of KMg^Ni^Fea read KMg 1 _ r Ni x F 3 

p. 252, line 26 from above (headline) : instead of SrJFejUO, read Sr 3 Fe 2 U0 9 
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3.1 ABX 3 perovskite structure^ 
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3. 1 ABX 3 perovskite structure 
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3.2 Descriptions of perovskite-related structures 
3.2.1 A-cation vacancies 
3.2.1.1 No A cations 

Because a skeleton of shared-corner octahedra is stable, it is possible to remove all the A cations from 
the perovskite structure without collapsing the BX S subarray. In the case of □ ReO s for example, the 
structure remains cubic. However, a partial or a complete collapse of the skeleton is found in many □ BX 3 
compounds. The completely collapsed structure has hexagonal-close-packed X layers with one-third of 
the octahedral sites occupied by B atoms, as indicated in Fig. 19. This results in a simple-cubic array of 
B cations with corner-shared octahedra having a B-X-B angle of 132°. For comparison, Fig. 19 also shows 
the corner-shared octahedra across a close-packed □ X, plane of the cubic □ ReO a structure, where the 
B-X-B angle is 180°. It is possible to go from one structure to the other by a simple increase of the B-X-B 
angle, the B cations forming a simple-cubic array in all structures. In the partially collapsed structure, 
represented by CrF 3 , and B-X-B angle is intermediate, & 150°. Trifluorides of the first-row transition 
metals have the partially collapsed structure, those of the second- and third-row transition metals have 
the Re0 3 structure where the number of outer d electrons per cation is ^ 3, but the completely collapsed 
structure where it is ^ 6. The B cations of the latter group either have no atomic moment (Rh m and 
Ir 111 have /£gfig) or disproportionate into magnetic and nonmagnetic ions (Pd 2+ , t\ K e\ and Pd 17 , /J«^g). so 
that there are no magnetic interactions between neighboring cations. The other trifluorides, on the other 
hand, are all antiferromagnetic, and coupling between like atoms of the second and third long periods is 
stronger than that between like atoms of the first long period . Since the B-X-B superexchange interaction is 
enhanced by a larger B-X-B angle, it is reasonable to assume that the interactions between neighboring 
B cations stabilizes the ReO s structure. These interactions may be either weaker interactions between 
localized electrons, as in the magnetic fluorides, or stronger interactions, as in metallic Re0 3 . In this 
connection, stabilization of the cubic structure in the tungsten bronzes A£ m W0 3 for mx > 0.3 is signifi- 
cant. The conduction electrons introduce cation-anion-cation interactions while simultaneously reducing 
the energy gained by a ferroelectric distortion. 

Electron-ordering distortions may be superposed on the array of corner-shared octahedra. MnF 3 , for 
example, exhibits the Jahn-Teller distortions shown in Fig. 10(a) superposed on the partially collapsed 
structure. W0 3 , on the other hand, exhibits several low-temperature phases characteristic of an interplay 
of antiferroelectric distortions and different degrees of the collapse of the B-X-B angle. 

3.2.1.2 The bronze structures 

Although □ BX 3 compounds with the ReO s structure and cubic ABX 3 compounds have the same BX 3 
array, complete solid solutions DaA^-sBX^ 0 ^ x ^ 1, are not possible. Although there is no ordering of 
the vacancies for larger x t except for Na^gWO, [Atl], for smaller x there is ordering accompanied by 
a collapse of the BX 3 array within basal planes perpendicular to a unique axis. Such a collapse creates the 
tetragonal and hexagonal tunnel structures of Fig. 20. The tetragonal structure contains three types of 
tunnels; one containing cubic, twelve-coordinated A 1 sites, one containing pentagonal-prism, fifteen- 
coordinated A " sites, and one small tunnel containing nine-coordinated A ,n sites, which are only occupied 
by Li+ ions. Without Li + ions, all these sites are filled at A^ 2 Ay 4 BX 3 . This phase, which may occur for a 




Fig. 19. Projections on B-cation planes of two DBX, Fig. 20. Bronze structures found in A JC D 1 _ r BX 8 systems, 

structures. Triangles in full and dotted lines represent faces a) Tetragonal (II) structure occurring for x ^ 0.6. b) Hexagonal 

of octahedra below or above the B-cation plane, a) Cubic structure occurring for x £ 0.33 [Wal]. 

□ ReO, structure DO t . Arrows indicate cooperative atomic 
motions that collapse the structure, b) Completely collapsed 

□ RhF, structure. 
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range of x ^ 0.6, is labelled tetragonal (II) in Tab. 3 to distinguish it from the antiferroelectric tetragonal 
(I) phase of W0 3 . The hexagonal structure contains hexagonal-prism, eighteen-coordinated A sites and is 
restricted to the range of composition x ^ 0.33. An orthorhombic tunnel structure has also been identified 
for AB 2 0 6 compounds [Gat 5a]. 



Tab. 3. Color vs. x for Na J WO s and compositional 
ranges for the bronze structures in the AJ, + WO s 
perovskites. Adapted from [Di3] 



o o o 





- royal blue 

dark blue 
dark gray 
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A in plane 
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B inplane 
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O X in plane 
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% X alt t/t 

(B X al + ifior 
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cub. hlr.I ^ felr.tt H hex. 



Fig. 21. Projections onto (110) planes of a) cubic perovskite 
and b) brownmillerite structures. Brownmillerite structure is 
formed by removing alternate [110] strings of oxygen from 
central row of a) and regrouping remaining oxygen into the 
tetrahedra shown in b) [Wat], 



3.2.2 Anion-deficient compounds 
3.2.2.1 Compounds ABX 3 _ a 

Several systems ABX 3 _ X , where 0 < x < 0.5, have been reported as anion-deficient perovskites. 
SrTi0 2 . 6 and SrV0 2 . 6 , for example, both give simple x-ray powder patterns in qualitative agreement with 
the assumption of a perovskite structure having one-sixth of the anions missing at random. Further, the 
homogeneity range of SrTiO,_ x is reported [ Wa 1] to extend over 0 < x < 0. 5 without any change of lattice 
parameter. However, if an anion is removed from a close packed structure, the metal atoms to which it was 
formerly bonded will have highly unsymmetrical coordination, and some local rearrangement of the 
anion can be expected. The nature of this local rearrangement depends upon the character of the B 
cation. In order to learn what rearrangements may occur locally, it is necessary to examine those 
special cases where long-range order occurs, since local changes of cation coordination are difficult to 
detect by x-ray diffraction and have not been investigated by other methods. 

In the system SrFeftFe}± 2S O s _ a , 0 < x < 0.5, it is known that the Fe 3 * ions are stable in either tetra- 
hedral or octahedral coordination. Therefore, it is reasonable to anticipate the creation of fourfould co- 
ordination about half of the Fe 8 * ions in the system. This is possible because the d electrons of Fe* + ions 
are localized, so that Fe*+ and Fe 4+ ions are distinguishable, even though the d electrons of the end member 
SrFe 4+ O s appear to be collective. Support for the creation of tetrahedral sites, as well as a suggestion of how 
the tetrahedra might be arranged, is given by CagFejOg, which has the brownmillerite structure [Be4t] of 
Fig. 21. Within every other (001) BX 2 plane of the cubic perovskite, alternate [110] rows of anions are 
removed. The remaining anions in these planes are displaced alternately along [110] and [TlO] directions 
toward the anion vacancies, the B cations shifting slightly also to maintain equal B-X distances with all 
four near-neighbor anions. The result is fourfold coordination for all B cations in these (001) BX planes, 
sixfold coordination for all B cations in the alternate (001) BX 2 planes. 

The x-ray pattern of Kj/T^Oj has a strong resemblance to that of perovskite. However, KTi0 2S is not 
an anion-deficient perovskite, but is completely ordered, each Ti 4+ ion having five oxygen near neighbors 
forming a trigonal bipyramid [An3]. It has little similarity to perovskite. 

The oxygen-deficient, tetragonal compounds (Ba at Bi 1 _ 2x )Bi0 3 - ;Pl 0.22 < x < 0.5, retain an octahedral 
grouping for Bi in the B sites, but the A positions have only six oxygen near neighbors, two each at 2.7, 3.1 
and 3.6 A [Aut]. 1 

These examples indicate that a variety of orderings must occur in anion-deficient perovskites. Further 
structural work needs to be done. 
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3.2.2.2 Alloys lifX^ 

Since the alloys M C X3V^ are generally considered to represent interstitial X atoms in an ordered, face- 
centered-cubic M^Ml alloy, it is not surprising that the phase is stable over a considerable range of anion 
deficiency. Since these alloys are metallic, it is probable that the X-atom vacancies are randomly distri- 
buted. 

3.2.2.3 Shear structures 080^ 

Ranges of composition have been reported for BO,-*, where B = Mo or W. Magneli [Ma 14] has 
shown that these compositional ranges consist of a series of discrete phases having an x-ray diffraction 
pattern dominated by a cubic □ Re0 3 -type (D0 9 ) subcell, but exhibiting superlattice lines. The super- 
lattice of any discrete phase is not due to an ordering of anion vacancies within this basic structure, but to 
a regular interruption of the D0 9 structure by planes of discontinuity across which octahedra share edges 
rather than corners. In these structures the oxygen vacancies condense into regularly spaced planes and 
are then eliminated by a shear displacement of the type shown schematically in Fig. 22. These "shear" 
planes may be constituted in different ways: For the series of phases BnO^-^ six octahedra in a group 
share edges, and for the phases B fl 0 3n _ 1 groups of four octahedra share edges. In both cases the discon- 
tinuities continue in two dimensions throughout the structure where they separate DO a blocks n octa- 
hedra thick. The /?-W0 3 _, phases, 0.10 < x < 0.17, belong to the series B n 0 3B _ 2 with 12 < n < 20. 
The observed compositional range (W,Mo)O a _ x , 0.07 < x < 0.12, contains six discrete ^O^^ phases 
corresponding to n = 8, 9, 10, 11, 12, and 14 \_Mai7a\ The origin of the shear planes appears to be an 
interplay between electrostatic and elastic forces: Electrostatic repulsive energies between B cations 
sharing common octahedral-site edges is minimized by cationic displacements (of ferroelectric type) away 
from lie center of symmetry of the interstice and the shared octahedral edge. These displacements can be 
cooperative, costing a rninimum of elastic energy, if the shared edges are coplanar. The origin of the 
regular spacing between planes is not established. Presumably it is primarily due to elastic energy, 
although collective-electron effects [Go11] probably play a contributing role. 



3.2.3 Structures deficient in B cations 
3.2.3.1 Bismuth compounds 

Bismuth compounds with chemical formula (Bi^A^^^fi^ have the structural formula 
(Bi 2 0 2 ) 2+ (A^BjjOan+j) 2 -, n = m — 1. These compounds consist of a regular intergrowth of the perov- 
skite structure with Bi z Q 2i sheets consisting of Bi0 4 square pyramids sharing edges [Au2], as indicated in 
Fig. 23. Between the Bi 2 0 2 sheets are n layers of corner-shared octahedra and (n — 1) layers of perovskite- 
type A cations in the twelve-coordinated interstices. Where n = 1, the pyramidal sheets alternate with 




and B the unit cells of the hypothetical perovskite structure BiTiO, [Au3]. © Bi # Ti Q 0 
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single octahedral layers, and no sites are available for A cations. This particular phase has been prepared 
in a large number of oxides and oxy fluorides, where B = Ti, Nb, Ta and the O/F ratio depends upon the 
valencies of the A and B cations (see Tab. 4). 

Many of these compounds are reported to exhibit ferroelectric distortions within the perovskite 
layers, and they will certainly be important for technical applications in the future. 

3.2.3.2 Hexagonal A^B^X^ structures 

As shown in Fig. 1 (c), the cubic perovskite may be indexed on an hexagonal basis. It consists of cubic 
stacking of close-packed AX 3 layers with B cations in the all-anion octahedral interstices. Within a (110) 
plane, B-cation octahedra share common corners as shown schematically in Fig. 3 (a). In the BagTa^g 
structure [GaSa], the stacking sequence of the AX S layers is a-b-c-b-c-a, as shown in Fig. 24, and the B-cation 
vacancies are where the stacking is hexagonal. Thus the structure consists of perovskite blocks n AX 3 
layers and (n — 1) B layers thick, separated by a stacking fault at a layer of B-cation vacancies. These 
hexagonal structures appear to be stabilized where the tolerance factor is / > 1. 

3.2.3.3 AX • (ABX 3 ) n structures 

Materials having compositions intermediate between ABX 3 and A 2 BX 4 may have similar diffraction 
patterns. However, this compositional region contains several phases having the structural formula 
AX * (ABX 3 ) n . Each phase contains perovskite sheets n units thick separated by AX (NaCl-type) sheets. 
The limiting composition A 2 BX 4 , corresponding to n — 1, is shown in Fig. 25. It is important for the 
theory of magnetism because, if A is nonmagnetic, then by symmetry there is no net molecular field within 
an antiferromagnetic layer from cations in adjacent antiferromagnetic layers. This permits the study of 
two-dimensional antiferromagnetism. The A 2 BX 4 structure also permits the study of B 2+ cations in oxides 
with a smaller B-X-B separation (hence stronger interaction) than is found in the BO compounds with 
rocksalt structure. The possible significance of this is illustrated by LagNiO^ The Ni 2+ electrons of e e 
symmetry appear to be collective in LaaNiOj, localized in NiO. 













\ / / 

V A 
\ / 








y\ / 


• B cation 



Fig. 24. Schematic (110) projection of the B^Ta^Ou struc- 
ture. Horizontal lines refer to BaO, close-packed layers with 
stacking a, b, or c. 




ABX, 



Fig. 25. Comparison of ABX S and A t BX 4 structures [7> /]. 



3.2.4 Data: Crystallographic properties of non-ABX 3 compounds of composition A X BX S , 
□BX 3 , (AX) n (ABX) m and Bi 2 0 2 (A n _ 1 B n 0 8n+1 ) with perovskite-related structure (Tab. 4) 

Tab. 4. 

See Fig. 20(a) for the tetragonal II bronze structure with a ^ 12.5 A, c»4 A 
and Fig. 20(b) for the hexagonal bronze structure with a 7.4 A, c ™ 7.5 A. 

Within any section, the compounds are ordered by B-cation atomic number, and the order of the 
sections is as follows : 
Tab. 4a - A X BX 3 

A x BO s ; B = Nb, Mo, Ta, W, Re 

A x FeF 3 
Tab. 4b - □ BX 3 
Tab. 4c - □ BB'Xs 
Tab. 4d - (AX)„(ABX 3 ) ro 

X » F-\ CI- 1 ; B 2 + = Mg, Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd 

X = O- 2 ; B = Al, Ti, Cr, Mn, Fe, Co, Ni, Cu, Ga, Ge, Zr, Nb, Mo, Tc, Ru, Rh, Sn, Hf, Ir, Pb, U 
Tab. 4e - Bi^A^B^CWJ 

n = 1 ; B = Mo, W n « 2; B = Nb, Ta n = 3; B = Nb, Ti n = 4, 5 and 8; B = Ti 
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Ill Figuren 871-877 




Fig. 871. CaBi, Nb _ ' " 

*°o (ceramics), x vs. T [61S1t\- 



Fig- 872. CaBiJa f O. {ceramics) 



* vs. T{6tSl1}. 




e 
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Fig. 874. SrB^O, (ceranucsj. 



* vs. T [62S17}. 



Hi, 87, BaB^^^ 



x vs. T [62S17]. 





300 X M 
Fig. 876. BaBi a T a 0 ' ~ 
. (ceramics). * vs. T [62St7]. 



Pb •N6 Qo 

Fig. 877. FbBitNb.0,. Schematic drawing , 
ture. One ha« °f the P^dotetragona] ^ ° f struc- 
to ^ ~ 0.75 is * vcn - * ^tes the perovskiL i tlomx ^ 025 
B denotes a unit of hypothetical perovs^ J! yer > 
and C denotes [Bi.O,> 8+ layers testnactUre ^bO, 



HI Figures 878-883 
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Fig. 879. H>Bi,Nb l O, (ceramics). * vs. T [62S17). 
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Fig. 878. PbBi,Nb,0 B (ceramics). Lattice parameters vs. T 
{601 /]. 

























i 










1 


Sz 

IT 1 



flora electric khv- 
gonal mm 



hmdo-orihorhomic 
Art 



Fig. 880. PbBvTajO, (ceramics), x vs. T (£25/7). 
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Fig. 881. Bi/T^Ou. Relationship between the throe sets of 
crystallographic axes [67C6], 




Bi • Ti O 0 



Fig. 883. Bi/n 3 O ir Lattice parameters vs. T [61S16\, 



Fig. 882. Bi«Ti,0 lt . Schematic drawing of crystal structure. 
One half of the pseudotetragonal unit cell from x m 0.25 to 
x » 0.75 is given. A denotes the perovskite layer Bi,Ti,OJJ, 
B denotes a unit of hypothetical perovskite structure BiTiO, 
and C denotes (B^O,)** layers [62S1f]. 



Landoh-B&ratefai, Neue Serb HI/3 
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Ill Figures 890 v-895 




Fig. 890. BaBi 4 Ti 4 O u . Schematic drawing of crystal struc- 
ture. One half of tbe pseudotetragonal unit cell from * ~ 0.25 
to i* 0.75 is given. A denotes the perovskite layer 
BaBi.T^OiJ, B denotes a unit of hypothetical perovskite 
structure (Ba, Bi)TiO„ C denotes (Bi,0») ,+ layers [62StS]. 




Fig. 892. BaBijTi^Oja, Ba^TUOu, Bi.TiaO,,. t % vs. 
162F1). * s : switching time. 
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Fig. 891. BaBuTuOu (ceramics). * vs. T [6SStS], 




Fig. 893. PbBi/T^O,, {ceramics), x vs. T [61S1S]. 
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Fig. 894. SrBi«Ti40 1# {ceramics), x vs. T [62Str]. 
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Fig. 895. CaBuT^Ou (ceramics). « vs. T{61S1f}. 
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HI Fignren 896-901 




897. BatBi^TitOu. Lattice parameters vs. T [6)15). 



Fig. 896. Ba t Bi 4 Ti 1 O t ». Schematic drawing of the crystal 
structure. One half of the tetragonal unit cell from x a 0.25 
to i = 0.75 is given. A denotes the perovskitic layer of 
BajBi^TitOU"* & denotes a unit cell of the hypothetical 
perovskite structure (Ba, Bi)TiO», and C denotes the lavpr* 
of {Bi 8 O0 i+ \62AS\. ^ 
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Fig. 899. Pb,Bi 4 Ti 1 0 M (ceramics), x vs. T [MS/7J. 



m m 3oo WTw 



Fig. 898. BajB^TijOu. x' and x" vs. T [62AS]. 
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Fig. 900. SrjBi.Ti.OjB (ceramics), x vs. T [$2$/;]. 



Fig. 901. Bi,TL0«. Schematic projection of structure on 
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level-headed 
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ne Flache; (gleiche) Hone, Niveau 

n, Stand m; fig. Mafistab m; Was- 

serwaage/; sea ~ Meeresspiegel m; 

on the ^ F often, aufrichtig; 3. vjt. 

gleichmachen, ebnen;fig. anpassen; 

richten, zielen mit; ,* op erhdhen; 

vfi, ~ at, against zielen auf (acc.); 

--headed vernunftig, nuchtern. 
lever ['liiva] Hebelwi; Hebestange/; 

-age [^arid3] Hebelkraft /. 
levity ['leviti] Leichtfertigkeit /. 
levy I'levi] 1. Erhebung / von Steu- 

em; ^ Aushebung /; Aufgebot n; 

2. Steuern erheben;X ausheben. 
lewd □ [lu:d] liederHch, unzuchtig. 
liability [laia'biliti] Verantwortlich- 

keit /; j% Haftpflicht /; Verpflich- 

tung /; fig. Hang m; liabilities pL 

Verbindlichkeiten f\pl.> -f Passiva 

l&ble □ ['laiabl] verantwortlich; 
haftpflichtig; verpflichtet; ausge- 
setzt (to dat.); be » to neigen zu. 

liar ['laid] Lugner(in). 

libel ['laibal] 1. Schm&hschrift /; 
Verleumdung/; 2. schmahen; ver- 
unglimpfen. 

liberal ['literal] 1. □ liberal (a. 
pol.); freigebig; reichlich; freisin- 
nig; 2. Liberale(r) m; „\ty [lib>- 
'rselitij Freigebigkeit /; Freisinnig- 
keit/. 

liberate ['libweit] befreien; frei- 
lassen; -ion [liba'retfan] Befreiung 
/; -or ['libareita] Befreier m. 

libertine f'libaOtain] Wustling m. 

liberty t 1 libati] Freiheit / ; take 
liberties sich Freiheiten erlauben; 
be at - frei sein. 

librarian [lai'bresrian] Bibliothe- 
kar(in); ~y ['laibrari] Bibliothek /. 

lice [lais] pi. von louse* 

licen|ce, Am. f'laisans] 1, Li- 
zenz /; Erlaubnis /; Konzession /; 
Freiheit /; Zugellosigkeit /; driving 
- Fuhrerschein m; 2. lizenzieren, 
berechtigen; et. genehmigen; «see 
[laisan'si:] Lizenznehmer m. 

licentious □ [lai'senjas] unzuchtig; 
ausschweifend. 

lichen ['laikan] Flechte /. 

lick [lik] 1. Lecken n; Salzlecke /; 
F Schlag m; 2, (be)lecken; F ver- 
dreschen; ubertreffen; „ the dust 
im Staub kriechen; fallen; geschla- 
gen werden; ^ into shape zurecht- 
stutzen. 

licorice ['likaris] Lakritze /. 

lid [lid] Deckel m; (Augen)Lid n. 

lie 1 [lai] 1. Luge /; give s.o. the „ 
j-n Lugen strafen; 2. lugen. 

He 8 [-] 1. Lage/; 2. [irr.] liegen; „ by 
still-, brachliegen ; „ down sich nie- 
derlegen; „ in wait for j-m auf- 
lauern; let sleeping dogs „fig. daran 

. ruhren wir lieber nicht; w -down 
[lai'daun] Nickerchen n; «,-in: have 
a „ sich grundlich ausschlafen. 

lien j% ['lwn] Pfandrecht n. 



lieu [lju:]: in ~ of (an)statt « 
lieutenant [lef'tenant; & ie'^l 
Am. hr'tenant] Leutnant w^T^ 
halter m; ^-commander 
tenkapitan m. ^ Korv «' 
life [Iaif], pL lives [laivz] Uben 
Menschenleben n; LebeusbesX^ 
bung /; for „ auf LebST^ 



one's ^, for deor , 
ben; to the 



Lebenszeit: f^;; 

oen; to tfte ^ naturgetreu* s M 
tence lebensiangUche Zuchth^ 1 
strafe; „ assurance Ubensv^" 
sjcherung /; ^belt ['laifbeltlR^ 
tungsgurtel m; boat Retuw 
boot n; --guard Leibwache ^ 
Badewftrter m am Strand; „ 
ance JLeb ens versi cherung /• 
jackets Schwimmweste /• w 
□ plaifiis] leblos; matt (a ft 
^like lebenswahr; --long leSeni; 
langhch; ^-preserver Am. Pw, 
prizanra] SchwimmgUnel m; Tot" 
schlager m {Stock mit BleikonfC 
-time Lebenszeit /. 
lift [lift] 1. Heben n; phys.,%* Auf 
trieb m;fig t Erhebung /; Fahrstohl 
m; give s.o. a ~ j-m helfen; j-n (im 
Auto) mitnehmen; 2. v/f. (auf)he- 
ben ; erheben; beseitigen ; si, klauen, 
stehlen; r/z. sich heben. 
ligature ['ligatjua] Binde /; * 

Verband m. 
light 1 [lait] i; Licht n (a, fig,); Fen- 
ster n; Aspekt m, Gesichtspunkt 
m; Feuer n; Glanz m;fig. Leuchte 
/; pi, Fahigkeiten f/pl.; will you 
give me a „ darf ich Sie urn Feuer 
bitten; put a „ to anzunden; 2. licht, 
hell; blond; 3. [irr,] vjt, oft „ up 
be-, erleuchten; anzunden; vji, 
mst ~ up aufleuchten; ~ out Am, */. 
schnell losziehen, abhauen. 
light 2 U3 1. adj. □ u. adv. leicht 
{a. fig.); „ current £ Schwadistrom 
m; make „ of et. leicht nehmen; 
2. ^ (up)on stofien od. fallen auf 
(ace), geraten an (acc.); sich nieder- 
lassen auf (dar.). 
lighten ['laitn] blitzen; (sich) erhel- 
len; leichter machen; (sich) er- 
leichtern. 
lighter ['laita] Anzunder m; (Ta- 
schen)Feuerzeug n ; ^ L(e)ichter nu 
light) -headed ['lait'hedid] wirr im 
Kopf, irr; --hearted □ U'ha:tid] 
leichtherzig; frfihlich; Jiouse 
['laithaus] Leuchttunn m. 
lighting ['laitirj] Beleuchtung /; 

Anzunden n. 
light|-minded['lait'maindid]leicht- 
sinmg; ^ness ['laitnisj Leichtigkeit 
/; Leichtsinn m. 
lightning ['laitnirj] Blitz m; w bug 
Am. zo. Leuchtkafer m; M-conduc- 
tor, M-rod # Blitzableiter m. 
light-weight ['laitweit} Sport: 

Leichtgewicht n. 
like [laik] 1. gleich; ahnlich; wie; 
such „ dergleichen; feel - F sich 
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II 1 Perovskite-type oxides 



Figures p. 217 ff. 



II Data 
Oxides 



1 Perovskite-type oxides 

1A Simple perovskite-type oxides 

Nr. 1 A-l NaNbOj, Sodium niobate 



2a 



5a 



9a 
1 14a 



It was reported by Matthias et al. in 1951 that NaNbO s was f erroelectoc Cross et ^ 
however, proved m 1955 that at room temperature it is not ferroelectric but antiferro- 
electric. 



phase 



state 



crystal 
system 



space group 



monoclinic 



IV 



orthorhombic 



Pbma»)-D& 



III* 



pseudo- 
tetragonal 



II 



tetragonal 



cubic 



Pm3m-OJ_ 



-200 



354 



562 



640 



fde° 0 I^:^5 e 568 A (« Yla^ b = 5.505 A (^2« 0 ) c - 15.518 A (« 4a 0 ), 
where a 0 is the lattice constant of the cubic cell of phase I. 

In phas£ IV (orthorhombic system) the longest edge of a umt cell is taken « J*e * 
axis (see Fig. 1). This system of the axes is adopted here. In Well and Megaw s 
analysis b aid c axes were interchanged. The orthorhombic structure is also tegcg 
sentedbyapseudomonoclinicunitceUtseeFig.^^herefr =c,a =c (^a 0 ), p ^n/Z. 



Cooling method from a molten mixture of Na,CQ 8 , Nb a O s > and KaR 



Crystal structure: In phase IV, Z = 8. 

Tab. 1; Fig. 1, 2. . 

Lattice distortions (thermal expansion): For phase I, II, III. IV: Tab. 2,3; Fig. 3. 
For phase V. at-160 °C: a = 5.564 A (~ V2 a 0 ), b = 5.548 A (^ K2 a 0 ), 
^; = 7.812A(^2a 0 ),i? = 91 o 09•. 

Fig. 4. _ _ , 



Dielectric constants: Fig. 5. 

Curie-Weiss law: x = C/(T - 0 P ). T > G>m-iv, where C = 2 
<9 p = 60---80 °C. 

Spontaneous polarization: P 8 ^ 12 • 10" a C m' a (|| c t in phase V). 
Coercive and critical field for normal and double hysteresis curve: Fig. 6. 



. 4 • 10 s °K and 



Birefringence: Fig. 7, 8. 



Domain structure : See 
Dynamic properties: Fig. 9, 10. 



51M2 
55C2 



*)61W2 
58R3 

51V 3 
61 W 2 



51W1 



57J1 



54S3 
55C2 



55C2, 64pi, 
62M9, 62W3 



eluded. 
,. IE1). 



Tab. 1. NaNbO.. Fractional coordinates x, y, z of atoms 
in unit cell at RT. [61W2] 





X 


y 


z 


Na(l) 


i 


0.250 


0 


Na(2) 


0.769 


0.251 


i 


Nb 


0.261 


0.257 


. 0.125 


O(l) 


i 


0.208 


0 


0(2) 


0.271 


0.290 


i 


0(3) 


0.010 


0.532 


0.121 


0(4) 


0.446 


0.972 


0.126 



According to Ismailzade phase III consists of 4 phases (see Fig. 3). [6314] 
|TransiUons exhibit large temperature hysteresis, and the transition temperatures measured with 
^decreasing temperature are given here. 
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Figuren S. 217ff. 

Tab. 2. NaNbO, 



38 



r t°CJ Crystal 



H 1 Oxide des Perowskit-Typs 
:rvs* a i symmetry r ^ Lattice parameter 



20 

390 

420 

560 

640 
Tab. 



[S6F1] 

3.914A 



*'-4.3.88lA ^4.3 88 A 



a' = C ' = 3.915 A 



/?' = 90° 40* 



Tetragonal 
(changing to simple 
perovskite-type cell) 

Cubic 



3. 



* = 2-3.919 A 
c - 4 - 3.927 A 
c/a = 2.0040 
« = 2 • 3.921 A 
£ = 4 • 3.927 A 
c/a = 2.0028 



« = 2 • 3.920 A 

* = 4 • 3.926 A 
c/a = 2.0032 
« = 2 - 3.924 A 

* = 4 • 3.924 A 
c/a 2.0000 
« = 2 • 3.933 A 
c = 4 -3.940 A 
c/a = 2.0038 

* = 3-942 A 

^f-^^^^S^^-^" at various 

Subcell 
pseudomonocli 




3.917 
3-919 a 
3.922 4 
3.924, 
3.925, 
3.926, 
3.926^ 

3.927, 
3.927, 
3.928 3 

3.929, 
3.930 
3.932 



3.933, 
3.934,* 
3.935 



520 
540 
560 



580 
600 
620 
630 



3.893, 
3.898. 
3.9021 
3-90 7 ; 
3.914 
3.917, 
3.919 



I 3920 i o , 

pseudomonoclinic III 
| |.923 I 3 | 

3-926, I f J 

pseudomonoclinic IV 
3.927, | 3 , 
3-928*, 2 
3.929/ | | J 

tetra gonal I 
HA] 



1.0055 
1.0050 
1.0040 
1.0030 
1.0025 
1.0020 2 

1-0020 

1.0015, 

1.0015 

1.0015 
1.0015 
1.0015 , 

1.0015 a I 

1-0015 

1.0015 



60.45 
60.50 
60.5, 



60.55 
60.60 
60.70 




3.941 4 
3.943, 
3.945, 
3.945 



tetragonal II 



3 934, 
3.937« 
3.942 
*3.945 



1.0020 
1.0015 
1.0010 
* 1.0000 



cubic 



61.00 
61.15 
61.30 
61.40 





«o[A] 


f vfrl " 


1 r[«cj 


1 « 0 [A] 


K[A»] 


640 
650 
680 


3.947, 
3.947! 
3.949 


61.50 
615, 
61.5, 


700 

720 I 


3.949. I 
3.950, 


61-6, 
61.6, 
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II 1 Perovskite-type oxides 



Figures p. 219 ff. 



Nr. 1A-2 KNb0 3 , Potassium niobatc 



12 



Ferroelectricity in KNbO s was first discovered by Matthias in 1949. 



phase 



state 



crystal system 



space group 



B 



IV 



rhombohedral 



III 



orthorhombic 



Bmm2«)-C# 



II 



tetragonal 



cubic 



Pm3m-Oi 



-10 



225 



435 



°C 



P [001] in phase II (along [001] of phase I), 
p [001] in phase III (along [110] of phase I), 
P* [HI] in P hase IV ( alon g C 111 ! of P hase I )- 

Tmelt = 1050 °C 

g = 4.590 • lCkgrn^ 8 

a = 5. 697 A, b = 3.971 A, c = 5.720 A at RT. 
Transparent. Light yellow. 



Flux method (K 2 CO s flux). 
Phase diagram of K 8 CO s -Nb 2 0 6 system; see 
Pulling method from the K 8 C0 8 -Nb a 0 6 mixture 
Crystal form : square plate 



Crystal structure: Z = 1 in phase I, II, IV. Z = 2 in phase HI. Tab. 4, 5; Fig. 11. 



Temperature dependence of lattice parameters: Tab. 6; Fig. 12. 



Dielectric constant: Fig. 13, 14. 

" CUT - ©J T > eii-i , where C = 2.42 • 10* °K, 9 P = 360 °C. 
Nonlinear dielectric properties: f = -1.62 • 10» J C- m». C = 1-79 • 10" J C-* m>. 
Spontaneous polarization and coercive field: Fig. 15. 
P 8 = 26 ■ 10-* C m" 2 at T 



Transition heat, transition entropy: Tab. 7. 



Piezoelectricity: Fig. 16. 



NQR: Tab. 8; Fig. 17 ••• 20. 
Tab. 4. KNb0 8 . Atomic positions in fractional coordinates at RT in phase III. 



49M4 



*)63K2 



55R3, 58M3 

52L1 

67K4 



51W1 
53R3 
58M3 



56T3 
56T3 

56T3 



56T3 



[67K4] 



Nb 


0, 0, 0 


K 


0, h i + *K 


O(l) 


0, i z x 


0(2) 




*K 


+0.017 


*i 


+0.021 


H 


+0.035 


*2 


+0.004 



Tab. 5. KNbO,. Interatomic distances and bond angles at RT. [67K4] 



Nb-O(l) 
Nb-0(2) 
Nb-0(2) 

K-O(l) 
K-0 1) 
K-0 1) 
K-0 2) 
K-0(2) 

0(l)-Of2) 
0(l)-0(2) 
0(2)-0(2) 
0(2)-O(2) 
0(2)-0(2) 



(2) 
(2) 
(2) 

(1) 
(2) 
(1) 

Si 

(4) 
(4) 
(1) 
(1) 
(2) 



distance 

A 



1.991 ± 0.001 
1.863 ± 0.007 
2.180 ± 0.009 



2.837 
2.848 
2.883 
2.792 
2.873 

2.780 
2.884 
2.802 
2.894 
2.860 



0.014 
0.001 
0.014 
0.008 
0.010 

0.012 
0.012 
0.024 
0.024 
0.001 



0(2)(s)-Nb-0(2)fc) 
O(2)(/)-Nb-O(2)(0 
O(2)(5)-Nb-O(2)(0 

0(l)-Nb-0(2)(s) 
0(l)-Nb-0(2)(/) 

Nb-0(1)-Nb 
Nb-0(2)-Nb 



Hi 



angle 



97.4 ± 1.2 

83.4 ± 1.0 
89.7 ± 0.5 

92.3 ± 0.6 

87.5 ± 0.6 

172.8 ± 0.7 
168.6 ± 0.6 



Numbers in this column indicate numbers of equal bonds or angles per formula unit. 

For the O-Nb-O angles, the letter s or / indicates whether the Nb-0(2) bond involved is short or long. 
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Tab. 6. KNhO t 
I at various tw^ta? [s^a^ TSST ° f Unit CeU 
of pseudote^orll cW 



220 
230 
270 
320 
375 
410 
425 
450 
510 



= b 
3.9972 
3.9978 
3.9992 
4.0023 
4.0048 
4.0080 
4.0214 
4.0225 
4.0252 



c 

4.0636 
4.0640 
4.0647 
4.0639 
4.0620 
4.0567 



c/a 

1.0166 
1.0166 
1.0164 
1.0154 
1.0143 
1.0122 



" ' ~*q* 

cal mol-* 




64.92 

64.95 

65.01 

65.10 

65.15 

65.18 

65.03 

65.09 

65.22 



^s&.ss^s^^^^^ ratios 

. * = asymmefiy pSSiSto V = °- 806 ± °-°°2- 

Meas- 
ured 
ratio 



Crystal 
structure 



orthorhombic 
(20 °C) 



rhombohedral 
(-196 °Q 




Calculated 


Identifi- 




ratio 




_ (V = 0.806) 


cation 


MHz 


1.204 


(9/2, 7/2T 


23.120 ± 0.05 


1.196 


(3/2, 1/2) 




1.213 


(7/2, 5/2) 






(5/2, 3/2) 




(V = 0.0) 






1.333 


W2, 7/2) 


^.0 ± o.l 


1.500 


(7/2, 5/2) 






(5/2, 3/2) 





[Nf.lA-3 NaTaO„ Sodium tantalate 

^^^^ 

PW ly ^'^^^^bySMOLENSKiietal 

II 



49M1 
57S3 



40 




Furuhata/Matutafce 



II 1 Perovskite-type oxides 



Figures p. 221 ff. 



Tab 9 NaTaO,. Fractional coordinates of atoms in the unit cell. 

[57K1] 



Na 



Ta* 



0(1) 



0(2) 



0(3) 



x: 0 - 0.01 
y: i + 0.03 
z: 0 + 0.02 



f *: t 

{ z: 0 



#: 

z: 
x: 

y- 

z: 
x: 



0 - 0.02 

1 + 0.01 
i + 0.02 

J + 0.04 

0 - 0.03 
J + 0.04 

1 + 0.04 
i + 0.06 
i + 0.04 



0 + 0.01 

1 + 0.03 
0 - 0.02 

i 
i 

o 

0 + 0.02 

1 + 0.01 
t - 0.02 

i - 0.04 

0 - 0.03 
J + 0.04 

1 - 0.04 
i + 0.06 
f + 0.04 



i - 0.01 
i + 0.03 
i - 0.02 

0 
i 
t 

£ + 0.02 
i + 0.01 
0 + 0.02 

f - 0.04 
£ - 0.03 
J - 0.04 

t - 0.04 

0 + 0.06 

1 - 0.04 



* + o.oi 

} + 0.03 
i + 0.02 

0 
0 

i 

J - 0.02 
J + 0.01 

0 - 0.02 

$ + 0.04 
£ - 0.03 
J - 0 04 

1 + 0.04 
0 + 0.06 
\ - 0.04 



Tab. 10. NaTaO,. Temperature dependence of the pseudo-cell parameters. \62I4\ 

For the notations, see Fig. 21 



T[°C] 


23 


100 


200 


300 


400 


450 


480 


500 


550 


580 


600 


a'=c'[A] 


3.889 s 


3.893 a 


3.899 5 


3.907 


3.912s 


3.916 


3.918 


3.920 


3.923 


3.925 s 


3.927 


v [A] 


3.885 6 


3.890 6 


3.896 6 


3.903 8 


3.910 a 


3.913 6 


3.915 8 


3.918 


3.923 


~3.925, 


~3.927 


0-90° 


22*00" 


WOO* 


9' 00" 


6' 00" 


4' 00" 


3' 30" 


2*00" 


~2'00" 


1*30" 


0*00" 


0*00" 




1.0010 


1.0009 


1.0009 


1.0008 


1.0006 


1.0006 


1.0005 


1.0005 


1.000 


1.000 


1.000 




58.8 0 


59.0 0 


59.2s 


59.5 5 


59.8s 


60.0 0 


60.1 0 


60.2o 


60.3 5 


60.4 6 


60. 5 6 










T[°C] 


630 


660 


680 
















b 


= a — c 

[A] 


3.929 


3.931 


3.9325 
















F[A»] 


60.6 S 


60.7 6 


60.8 0 











Nr. 1A-4 KTaOs, Potassium tantalate 



la 



2a 



Ferroelectric activity was first reported by Matthias in 1949;*) however, recent 
studies by Wemple have proved that the ferroelectric transition does not occur, at 
least above 1.6 °K. to ) 

KTaOj is cubic and its space group is Pm3m-Ofc. 

Tmen = (1357 ± 3) °C. 
q = 6.97 -10 s kg m~*. 

a = 3.9885 A at RT. Jr . . . n 

Transparent, colorless or pale blue (blue in oxygen-deficient crystals). 
Cleavage: along (100) planes. 
Hardness: nearly the same as quartz 



*)49M1,49M4 

*)64W2, 65W2 

64W2. 65W2, 
51 V2 

55R2 f 56R2 
58R1 
51V 2 
64W2 




Flux method: KF flux,*) dark small crystals; K 8 C0 8 flux,*) large ( ~10 mm) trans- 
parent crystals. 

Czochralski-Kyropoulos method : large ( ~10 mm) good quality crystals. 

Floating technique: planar single crystals. 
Phase diagram of system K^CO.-TajCV Fig. 24. 

Hydrothermal phase diagram I^O-Ta a 05-H a O at 400 °C: . 



Crystal structure: cubic perovskite type; (Pm3m-0£). 
K at la position; Ta at lb position; 30 at 3c position. 



>)62T5. 64W2 
»)66U1 
64W2, 65W2, 
67B7 
66W8 

67M2 



51VU51V2 



* All positions ±0.002. 
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5a 



Nr. lA-4KTaO, continued 

fl = 3.9885 A at RT; a = 4.0026^1450^ 



fl = 3.V»WA*l«*. - _ 

Loss tangent : tan 6 ~ O.uui iai * 26 

Jfects of do bais on x at 4.2 -K and at RT: Figs. 28, 29. 

DVS E curves show no hysteresis character down to 1.6 °K. 

P vs. £ at 4.2 °K: see _ — 



51V 2, S9B1 



S)50H3 . 
*)65W2,64W2\ 

65W2 

64W2 
64R3 
64W2 



65K1 

65W2 
64W2 



9a 



Effect of interface dc field "» ™g ' d surfaces: Figs. 40 41. 
Electroreflectancespecteaof (^[^eVtroUflectance: Fig. 42. 

Fundamental absorption edge / 

t-v - TaK 4.4- 



10 



64W2 

64G3, 63G3 
67F4 



Faraday rotation near the band edge : Fig. 46; Tab. 44. 

El«^o-field-i»d»crf]to^«^- J 7 om the Baaaal scattering, see Fig. 33). 

wsw^ &,?!rffii using tt;: 

Flg - 

K^KT - serai semiring 
Ca coac.ntr.aon m MaO^ n 51 

Sawaguchi 



67B1, 66B2 

67F2 

65S9 



65W2 



65W2 



65W2 
66S17 
66W5 

65W2 

65W2 
65W2 
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12a 



13b 



17 



NMR of l81 Ta in KTaO, : spin-lattice relaxation time, T t ^lO" 3 sec at RT; 
spin-spin relaxation time, T t = ^lO" 5 sec at RT; nuclear magnetic moment of 181 Ta 
(I = 7/2): p D = (2.340 ± 0.001) ^ (uncorrected); (p n - (2.35 ± 0.01) /* n , after 
estimated corrections). 

Nuclear magnetic acoustic resonance : the absorption data were given for A m = ± 2 tran- 
sition of 181 Ta as a function of the angle between magnetic field and sound axis [100]. 

ESR of Eu 2 + and Gd 3 + in KTaO s : Tab. 14. 
ESR of Fe*+: g = 1.99 ± 0.01; |o| = (345 ± 10) 



10-* m- 1 at 4.2 °K; 



a = (288 ± 5) • 10- 2 m~ l at RT (Fe 8 * is on the Ta 5+ site). 
a = ho ± 1) - lO" 2 m~ l at RT {Fes 3 * is on the K»+ site). 
ESR Stark effect for Fe*+: E his8 along [100] induces axial splitting term D 
(D = 12 • lO- 2 m- 1 at £ bia8 = 1.0 MV m" 1 at 4.2 °K; D oc E% ias ). 
ESR of Ni 3 + located on Ta 5 + site (low spin state) and on K 1+ site: see 
ESR in Mn-doped, Co-doped and Cr-doped KTaO a : see 



Phonon dispersion relation for the transverse optical branch: Fig. 52; Tab. 15. 
Temperature dependence of the ferroelectric soft mode : Fig. 53. 
The square of the phonon energy of the ferroelectric soft mode can be approximated 
by ( ^ )2 = 10 4 A/Xi 40 °K < T < 295 °K; where A = 2.825 (meV) 2 , x(T) is the 
dielectric constant. 

For the ferroelectric soft mode, see also lA-4-9a. 
Phonon energies of the acoustic modes : Fig. 54. 



Etchant: single crystal is slowly etched by dilute HF. 

Band structure and the related properties: see references; also lA-4-9a, 9b, 9d, 10, 
and Tab. 12. 

Band gap energies determined by various methods : 



Method 



Faraday rotation 
Electroreflectance singularities 



296 °K 



3.77 eV 
3.62 eV 
3.57 eV 
3.80 eV 
3.75 eV 
3.79 eV 



77 °K 



3.79 eV 
3.65 eV 



Absorption data 
Energy at which a ^ 10 6 m 1 
Cyclotron resonance of semiconducting KTa0 3 at 70 GHz and 1.4 °K: microwave 
skin depth, about 30 \im; see reference paper for the microwave absorption vs. 
magnetic field curves. 



60B2 



67M4 

66U1 
64W2 
67H3 
67H3 

63W5, 64W2 

67H3, 65H2 
64W2 



67S11 
67S11 



64W2 
67F4, 67B1 



67B1 



65S13 



Tab. 11. KTa0 3 . Transverse optical 
modes at various temperatures [67P4]. 
The wave number r tl (ferroelectric 
soft mode) is temperature dependent. 



Tab. 12. KTaOj. (Ca-doped). Singularities observed in elec- 
troreflectance spectra (in eV) [67F4]. See Figs. 40, 41 




12 
126 
232 
295 
463 















• 10 a m- 1 


25 


196 




58 


198 


551 


79 


198 


551 


88 


199 


550 


106 


199 











[eV] 






KTaO s (100) 
KTaO s (HI) 
KTaO, (HO) 


3.57 
3.55 


3.80 
3.77 
3.80 


4.40 
4.45 
4.47 


4.88 
4.90 
4.85 


5.50 
5.47 
5.50 



Tab. 13. KTaOg (reduced). Hall coefficient R H and Hall mobility fi H at 
295 °K and 4.2 °K for single crystals [65W2]. Carrier concentrations N are 
calculated from the 4.2 °K Hall coefficient using R n = — ljNe 







R 


H 




Sample 


m'C- 1 


m 2 V- 


1 sec -1 


Nr. 


m-* 


(295°K) 


(4.2°K) 


(295°K) 


(4.2°K) 


1 


3.5 • 10 23 


20.3 • lO" 6 


18 • lO" 6 


2.7 • lO" 3 


2.3 


2 


6.0 • 10 23 


12.9 • lO" 6 


10.4 ■ lO" 6 


2.9 • 10- 8 


1.9 


3 


6.6 - 10* 


11.5 • 10-* 


9.4 • 10-* 


3.1 * 10~* 


1.9 


4 


2.4 • 10 2 * 


3.0 • lO" 8 


2.6 • lO" 6 


3.0 • 10^ 


1.1 


5 


7.8 • 10 M 


1.0 • io-« 


0.80 • 10- 6 


3.0 • lO" 3 


0.53 


6 


1.3*- 10 25 


0.62 • 10-' 


0.48 • 10- a 


3.1 • 10- 3 


0.34 
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Para- 
magnetic 
center 

Eu*+ 
Gd>+ 



Site 



7/2 



7/2 



(8) 



v 

GHz 



9.1 







FS 


HFS 1 


T 
°K 

77 


g-factor 
1.990 ± 0.002 




I 

1/T 

5/2 


pM|=36±l 
|UM| = 16±1 


4.2 


1.990 ± 0.002 








77 


1.990 ± 0.002 









| Nt .lAJ CaTiO,, Calcium titanate (Perovskite) 

Tab. 16. CaTiO s . Ion positions. [S7K2] 



J 4Tiin4(a): 
4Cain4(c): 

4 O in 4(c): 
8 0 in 8(d): 



la 



j 0 0; 0, 0. i; i. *. »= °- *• *• 

with * = 0.*= 0.030. 

with* = *- 0.037.* = -0.018. 

x.y.r. i-*.i-y.i+*\ 

x.i + y.-*; i + x.y.i-*> 
-x.y.r. i + x.l + y.i-f- 

x.k-y. *• * - f; y - * + Z q 026 , = j _ 0.018. 
with x = i - 0.018, y = -0.026. * t 



becomes cubic above 1260 °C. 
phase 



Tab 15 KTaO s . Phonon energies 
of the soft ferroelectric mode (trans- 
vS Optical ngW al ^ vanous 
temperatures [67S//]- The w^ve 
vector q at the zone ^dary » 
0.788 A" 1 See Fig. 52 

Phonon energy [meV] 

for q [A" 1 ] = 
0 I 0.1 I 0.2 



r 

°K 




state 



crystal system 



orthorhombic 



Pcmn-DU 



cubic 



46N1, 54G1 



_4 
5a 

"6a 
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space group 

~1260 °C 

e 

e = 4.10 • 10 s kg m-* at RT * 

Flame fusion method: _ - 



i uame ma iw ^ — — 

"Crystal structure: Z= 4 in phase II. 

Fie. 55; Tab. 16. 

to**™ distortion: Fig. 56. L_ fCT~ 

Fig. 57. 




S^at^^SSOcalmol-aten-x. 



58LU62MI, 
57K2 



62M3 



46N1 
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Nr. 1A-5 CaTiO, continued 
Refractive indices : Fig. 59. 
Reflection and absorption: Fig. 60, 61. 



Hardness: Mohs 6.5 • ■ 7, Knoop 986 



62M3 



Nr. 1A-6 SrTi0 3 , Strontium titanate 



la 
b 



2a 



5a 



6a 
b 



8a 



9a 



phase 


II* 


I 


state 


(F) 


P 


crystal system 


tetragonal 


cubic** 


space group 




Pm3m-OJ 



Ferroelectric-like behavior of SrTi0 3 was first observed by Granicher in 1956. 



110 



°K 



r melt ^ 2000 °c. 

q = 5.11 • KFkgm- 3 . 
a = 3.905 A at RT. 
Transparent, colorless 



Crystal growth: Flux method (flux: KF or 50% Na a CO a + 50% K 2 CO s ). 
Flame-fusion (Verneuil) method. 

Phase diagram of the system SrO-TiO a is given in Figs. 297 and 289 of [64//]. 



Crystal structure: Z = 1. Fig. 62. 



Thermal expansion : Fig. 63. 



Dielectric constant: Figs. 64 ••• 76. 

Expression of x vs. T curve: _ _ r 

Curie-Weiss law: x = C/(T - @ p ), T > 70 % where C = 7.83 • 10* °K, O p - 28 °K 
x = M/KTJ2) coth(TJZT) - T 0 ], T < 50 % where T 0 = 38 °K, T, = 84 °K, 
M = 9 • 10 4 °K. 

Coefficients of free energy expansion at low temperatures : 

Saturation polarization : Fig. 77. 
Remanent polarization : Fig. 78. 

Electrocaloric effect: Fig. 79. 
For additional data, see 



Specific heat : Fig. 80. 
Specific heat below 1 °K, see 

Thermal conductivity: Figs. 81, 82. 
For ceramics : see also 



Piezoelectricity (dc bias induced piezoelectricity) : Figs. 83, 84, 85. 
Electrostriction: Fig. 86. 



Elastic compliances and stiffnesses: Tab. 17; Figs. 87, 88, 89. 



Refractive indices: Tabs. 18, 19; Fig. 90. 

Reflectivity, absorption coefficient and dielectric constant : 

(i) Infrared region: Figs. 91 • - 95. See also Tab. 42. 

(ii) Visible and ultraviolet region: Figs. 96 • 102. See also Tab. 43. 

Quadratic electrooptic effect: M 1X - M x% « (0.14 ± 0.01) m* C~ a at 6328 A 

(4.2- --300 °K). 

Piezooptic effect: Tabs. 20, 21. 



56G2 
62 R1 



63/2, 6411 

63/2 

64L4 



57N1 
61G1 
6411 



61M3 

59W2, 62S2 
66C6 



64K5 t 6SH4, 
61 HI 



61g1, 66A4 

58Y1, 60Y1, 
61g1 t 66H9 



64G3 



* In phase II a hysteresis loop is observed,*), *) but the remanent polarization depends upon the amplitude of the applied 

field. According to Lytle, phase II consists of three phases. a ) [59W2], b ) {61 MS], [64L4] 
'* Generally the phase I is believed to be cubic but evidence of pseudo-cubic structure was reported by a few authors. 
[64L4], [66C6] 
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9d 



10 



Nr . , A -6 SrTiO. continued 44 
Faraday rotation: Fig. 103. bee ais 
Raman effect: Fig. 104. 

Brillouin scattering. Fig. iu»- 

i!JC^ . - - — - — — T * 

Fies. 107 - •■ 110. 

For additional data see electron: S ee Fig. 115. 

HaJlmobiUtyforptoto^xcited 

Piezoresisfavity: Figs. in. 11 • 

Photoconductivity: Figs. 114. 115- ScHOOLE v et al. in 1964. 

^^^ r ^^ M " /TesL is of border 

S5i Ition gdSMt magnetic f ieid^^ 

of 10- 5 m. " ■ 



61 g1 
61 g1 



64F5, 67T6 
66T10 





NMR.Fig. 121. 

ESR: Tab. 26; Figs. 122 - 130. 

M<*5baue^ 



116 



17 



ttaruation qam^ » * *&• — : . 

caUybyKAHNetaliFig. Ml. 
The conduction band electron mass: 



The 



3.772 
± 0.023 



-0.926 
±0.010 



Tab. 17. SrTiO ,. Elastic constants at RT 
Cll I *u 1 __fH_J Method 



composite- 
bar 



8.233 
± 0.040 



3.156 
± 0.027 



1.027 
±0.027 



1.215 
±0.006 



Note 

c calculated 

from 5 

s calculated 

from c 

s calculated 

from c 



66R6 
64 K1 

65S18 _ 
66F3, 67F3 

67F3 



Reference 



Tab. 18. 



SrTiO,. nvs.Aat21*C. [57G1] 



Tab. 19. SrTKV nvs.X[6SB9\ 



4200 

4300 

4400 

4500 

4600 

4700 

4800 

4900 

5000 

5100 

5200 

5300 



2.6050 

2.5810 

2.5585 

2.5394 

2.5236 

2.5101 

2.4970 

2.4846 

2.4734 

2.4636 

2.4548 

2.4464 



5400 

5500 

5600 

5700 

5800 

5900 

6000 

6100 

6200 

6300 

6400 

6500 



2.4386 

2.4312 

2.4245 

2.4182 

2.4122 

2.4069 

2.4019 

2.3971 

2.3928 

2.3886 

2.3846 

2.3807 



n 



6700 

6800 

6900 

7000 

7100 

7200 

7300 

7400 

7500 

7600 

7700 



2.3737 

2.3703 

2.3674 

2.3645 

2.3617 

2.3590 

2.3564 

2.3538 

2.3514 

2.3490 

2.3468 



2.537 

2.472 

2.402 

2.363 

2.340 

2.326 

2.315 

2.306 

2.299 

2.287 

2.279 



2.270. 

2.264 

2.258 

2.2524 

2.2490 

2.2395 

2.2315 

2.2236 

2.2143 

2.2058 

2.1951 
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Tab. 20. SrTiO s . 77 66 vs. Aat (27 ± 1) °C. [57G/] Tab.21. SrTiO s . 77^-77^ vs. A at (27 ±1)°C. [5 7G/] 
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4Q00 
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5000 


-4.33 


6800 


-5.52 


5000 


9.35 


6800 


9^98 


5100 


-4.32 


6900 


-5.48 


5100 


9.44 


6900 


9.99 


5200 


-4.41 


7000 


-5.555 


5200 


9.61 


7000 


9.91 


5300 


-4.51 


7100 


-5.62 


5300 


9.54 


7100 


9.92 


5400 


-4.59 


7200 


-5.77 


5400 


9.68 


7200 


9.94 


5500 


-4.575 


7300 


-5.73 


5500 


9.56 


7300 


9.99 


5600 


-4.62 


7400 


-5.78 


5600 


9.85 


7400 


10.05 


5700 


-4.69 


7500 


-5.79 


5700 


9.85 


7500 


9.90 


5800 


-4.79 


7600 


-5.825 


5800 


9.86 


7600 


9.92 


5900 


-4.85 


7700 


-5.98 


5900 


9.88 


7700 


10.02 



Tab. 22. SrTiO s (single crystal). Effects of electrode material on the apparent conductivity [65C6]. 
Measurements were made by the two tenninal method at T = 130 °C, t — 24 hours after the applica- 
tion of the field E = 100 kV m" 1 



Electrode 
material 



o [Q- 1 m- 1 ] 
after 24 h at 130 



Form of a vs. t curve 



Au 
Ag 
Sn 
Cr 
Cd 
Al 



4-8 
8-8 

8- 8 
60 

9- 5 
2-9 



10- 7 

io- 8 
io- 9 

IO" 11 
10- 11 
10 -io 



Fall then rise 
As for gold 

Fall followed by slow rise but without saturation 
Continuous fall tending toward steady value 
Similar to chromium 

Similar to chromium (for a field of 400 kV m -1 
behavior is like that of gold) 



Tab. 23. SrTi0 8 (single crystal). The 300 °K and 2 °K Hall coefficient R n and Hall mobility ji H values 
and the 300 °K electron concentrations for semiconductive single crystals. \67T6\. In the first column, 
(Nb) means Nb-doped samples, the other samples are reduced ones 





300 


°K 


2 ° 


K 


1 


Sample 










n " *Rn (300 °K) 




10^ m» C" 1 


lO-WV^sec- 1 


10" 6 m 3 C" 1 


lO-^V^sec- 1 


m- 3 


5 


0.26 


6.5 


0.25 


1.0 


2.4 • 10 25 


2 


0.62 


5.2 


0.77 


1.8 


1.0 ■ 10 25 


3 


1.8 


7.2 


3.9 


2.7 


3.5 • 10 M 


6 


5.3 


8.0 


11.0 


3.1 


1.2- 10 M 


12 


14.0 


8.0 






4.5 • 10 23 


9 


23.0 


5.8 






2.7 • 10* 


13(Nb) 


0.22 


5.5 


0.22 


3.3 


2.8 • 10 25 


8(Nb) 


0.58 


4.8 


0.63 


8.2 


1.1 * IO 25 


10(Nb) 


3.4 


6.2 


3.3 


12.0 


1.8 • 10 24 


14(Nb) 


14.0 


6.7 


11.0 


13.0 


4.5 • 10 23 


15(Nb) 


22.0 


5.4 


18.0 


19.0 


2.8 • 10 23 


ll(Nb) 


44.0 


6.0 


33.0 


22.0 


1.4- 10 23 



Tab. 24 see page 50 
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Figuren S. 236ff. 
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II 1 Perovskite-type oxides 



Figures p. 236 ff. 



a) Ih 





■■mm 



to 



S 



ft; * 



o >fl >^ 

■H-H-H 

O O t-i 
O N h 

m h N 



= H H 

5 ^ !S 



eg 

in 



8 S 



m 
o 
o 
o 

-H 

o 
1-1 

cm 



o 

I 



cm vo 

NO 



a 



cm jn 
\n In 



CM 

-H 
r- 
vd 



CM 

-H 

vd 
o 



-H 
o 

1 



o 
o 
o 

-H 



CO 

6 

-H 
m 
d 



CM 

© 



in 


m 


m 


d 


d 


d 


-H 


-H 


-H 


m 


m 


vo 


oi 


CM 


f<S 


NO 


VO 


m 


1 


CO 
1 


CM 
1 


CM 


CM 


CM 


o 


O 


O 


o 


O 


o 


d 


d 


d 




41 


-H 


CM 


CM 


CM 




o\ 


On 


CN 


CN 


G\ 






r-1 



CM 

o 
© 

d 
■H 

CM 

C\ 



5 



c 

1 

o 



3 



bO 

o> 

c 

rt 




f§ ir s° * ~ 

3T 2"" £"".5"* 



dolt-Btirnstein. Neue Serie II 1/3 



Nakamura/Sawaguchi 



49 



Figuren S. 243 



II 1 Oxide des Perowskit-Typs 



2N ?^° 3 (ceramics 

(Ba.Sr,. JTiO, and (Ca.Sr^JHO, f 
curve first deviates from toearity 
N = Carrier concentration 

%BaorCa 




(Ba) 



0.18 
0.30 
0.25 
0.10 
0.17 
0.10 

0.52 
0.23 
0.50 
0.29 
0.22 
0.09 
0.25 
0.27 
0.45 



3.9 



i Nr. 1A-7 CdTi O„ Cadmium titanate 
la 



10.0 
12.5 

2.5 (Ca) 
5.0 



0.25 
<0.10 

0.32 
0.30 

<0.06 
0.43 

<0.06 
0.37 

<0.07 
0.48 

<0.06 
0.39 
0.29 
0.50 

<0.05 



(3.5)-) 



SSS 5™ ferroelectric below 50 ■ - . 60 °K 

kii's findings. ltS len -° e ^tnc,ty but Hegenbarth supported Smolen^ 

phase jj j 



state 



crystal system 



space group 



(F)») 



orthorhombic b ) 



Pc2 1 n»)-C J \ 



T _. -223-. -213 °C 

SffitrJtt V MS . A ' C ~ 5 ^ A at R T . 

the pseudo-cubic monoclinic cell 

FW mP+WI m a*. ,o, ' , — ^-iil 



1.9 



S0S7, 50H2, 
59H4 



*)50S7 
h )S7Kf 

50S7 
57K1 



57K1 



, Tab. 28. CdTiO a . 
fractional coordinates of 
atoms in the unit cell 
[S7Kf] 



Cd 



Ti 



O(l) 



0(2) 



0(3) 



0 + 0.006 
f 

0 + 0.016 

£ + 0.005 
0 

0 - 0.065 

0 - 0.03 

£ + 0.05 

1 + 0.05 

0 - 0.03 

1 4- 0.06 

i + 0.05 
* + 0.07 
i + 0.06 



Positions 
0 - 0.006 
i 

0 - 0.016 

J - 0.005 
£ 

0 + 0.065 

0 + 0.03 
i 

£ - 0.05 

1 - 0.05 

0 - 0.03 

1 + 0.06 

i - 0.05 
£ + 0.07 
i + 0.06 



£ + 0.006 


J - 0.006 


i 


I 


£ - 0.016 


£ + 0.016 


0 + 0.005 


0 - 0.005 


£ 


0 


£ + 0.065 


£ - 0.065 


£ + 0.03 


* - 0.03 


i 


i 


0 + 0.05 


0 - 0.05 


* - 0.05 


i + 0.05 


£ - 0.03 


£ - 0.03 


f - 0.06 


* - 0.06 


1' - 0.05 


} + 0.05 


0 + 0.07 


0 + 0.07 


* - 0.06 


i - 0.06 



SOS 7. 50H2 

Estimated 
error 

±0.002 

±0.002 
±0.005 

±0.010 

±0.015 
±0.025 
±0.015 

±0.005 
±0.015 
±0.015 

±0.005 
±0.015 
±0.015 



2a 



Nakamura/Sawaguchi/Furuhata 



5a 



The 
cool 
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II 1 Perovskite-type oxides 



Figures p. 244 ff. 



\7 
K1 



\7 t 50H2 

Estimated 
error 

±0.002 ! 

±0.002 
±0.005 

±0.010 

±0.015 1 
±0.025 I 
±0.015 

±0.005 I 
±0.015 
±0.015 j 

±0.005 I 
±0.015 I 
±0.015 I 



Nr. 1A-8 BaTiO, 


p Barium titanate 










(Responsible authors for this section are as follows: Ikeda, Nakamura, Nomura, Sawaguchi, Shiozaki 

and Toyoda, abbreviated as INaNoSaShiTo). 


la 


The anomalous dielectric properties of BaTiO s were discovered on ceramic specimens 
independently by Wainer and Solomon in 1942, by Ogawa in 1944 and by Wul in 
1945. The ferroelectric activity of BaTiO, was reported independently by von Hippel 
and co-workers in 1944 and by Wul in 1946. The structural change associated with 
the cubic-tetragonal phase transition was observed, by means of x-rays, by Megaw 
in 1945, independently of the above dielectric studies. 


42W1, 4401, 

45W1 

44 V 2 

46W2 

45M1 


b 


phase 


IV*) 


III*) 


lib) 


I b ) 




*)49K2, 49R1 

*)45M1 

*)46V1,46W1 




state 


F^ 


F*) 


F c) 


Pb) 






crystal 
system 


rhombo- 
hedral*) 


ortho- 
rhombic 0 ) 


tetragonal**) 


cubic*) 


hexagonal*)* 


*)55R1 




space 
group 


R3m-Q v *) 


Amm2-Q**) 


P4mm-Ci T t>) 


Pm3m-Oi l >) 


C63/mmc-DS h d) 






e 


-90*) 5*) 120*)** 1460*) °C 






P 8 || [001] in phase II (along [100] of phase I). 
P B I] [001] in phase III (along [110] of phase I). 
P s || [111] in phase IV (along [111] of phase I). 

The directions of P B are illustrated along with lattice distortions in Fig. 140. 
^melt = 1618 °C. 

Tetragonal form (phase II) : q = 6.02 • 10 3 kg m -3 (calculated from lattice constants) 
a « 3.9920 A, c = 4.0361 A at 20 °C. 
Transparent, light brown. 

Hexagonal form: a htx = 5.735 A, c btx = 14.05 A at RT. 
Q = (6.1 ± 0.1) • 10 s kg m" 8 . 


51 W 2 
51R1 
48B3 


2a 


Crystal growth: Flux method (flux KF a ) or Ti0 2 -rich melt*)). 

Pulling method (top-seeded solution growth technique using excess TiO s as the 
solvent). 

Melting method (with limited success). 
Tab. 29; Fig. 141. 


*)54R1*)65S8 

63L3 
50V2 


b 


Crystal forms: For butterfly-type: Fig. 142. 
For chunky type : Fig. 143. 
For hexagonal form: Fig. 144. 








3 


Crystal structure of phase I: Z — 1. Tab. 30. 
Crystal structure of phase II: Z = 1. Tab. 31. 

Crystal structure of phase III: Z = 2. Tab. 32; Fig. 145, 146; Tab. 33. 
Crystal structure of phase IV: Z — 1. 

Crystal structure of hexagonal form: Z — 6. Tab. 34, 35; Fig. 147. 




4 


Lattice constants of phase I, II, III, and IV : 

Phase I : a = 3.996 A at 120 °C. 

Phase II : a = 3.9920 A, c = 4.0361 A at 20 °C. 

Phase III: a = 3.990 A, b = 5.669 A, c = 5.682 A at —10 °C. 

Phase IV: a = 4.001 A, a = 89° 51* at -168 °C. 

Thermal expansion: Fig. 148, 149; Tab. 36, 37; Fig. 150. 

Lattice distortion due to p: Fig. 151. 


47M3 
51R1 
57S2 
57J2 


5a 


Dielectric constant: Fig. 152, 153, 154, 192. 
Dielectric dispersion: Fig. 155 ■•• 159. 

Further data from optical measurements : Fig. 201 ; Tab. 42. 
Effect of p on *: Fig. 160, 161, 162. 
Phase diagram in regard to p : Fig. 163, 164. 
Effect of £ blw on B t : dSt/dE^ = 1.43 • 10~ 5 °K V-» m; 
on x : Fig. 165. 




53M2 




Non-linear dielectric properties: Fig. 166. 

£ = -5.5 • 10 8 J C-* m 6 , C = 1.7 • 10 10 J C" 6 m 9 . 






53M2 



i * The transition from the hexagonal form to the cubic one is very sluggish and the hexagonal form can be produced by rapid 
cooling from above 1460 °C. 

!*■ In niost papers this Curie point has been reported to be about 120 °C, but it seems to be about 130 °C for pure BaTi0 8 
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Figiiren S. 249fT. 



5c 



Nr. 1A-8 BaTiO, continued 

Spontaneous polarization: Fig 167 168 i*o 
Coercive field: Fig. 170, 171 172 
Effect of p on P.? Fig 173 



II 1 Oxide des Perowskit-Typs 




Thermal conductivity: Fig. 178, 179 



9a 



7a Kezoelectricity: Tab. 39, 40; Fig. 180 183. 
b I Electrostriction: Fig. 184, 185. 
8a ' 
b 

Refractive indices: Fig. 195, 196, 197 
Birefringence: Fig. 198, 199 
Keflection and absorption- ' 

^^^J^^^. 210, 21!. 

433 »K. measured a? 6328 A ( 11 ~ M lJ = (+ 013 ± °-°2) m« C- at 408 - 
Faraday rotation: Fig. 216; Tab. 44. 

nmed nth tt. Nd^oped CWO.Ur Lfm ' p^H ± * " M ± '■ «« ! 

Raman scattering: Fig. 218. 
g Luminescence: Fig. 219, 220 

given here. Fig. 221 • 225. ° f P re P aratl °n : only representative data Ire 

For additional data, see ' 



d 
e 



64G3 



64M2 



S^/fflSSfc^S^y-- m. - .0-.. ,o-..v, 

has been estimated vs. T. ima and ^ «-«is conduction band minima 

£*&.S3^^ mass n>* = (6 5 ± 2) * 

^vmgdonor^ 

Seebeck-effect : Fig. 238. ™ ° m and of * = 2.5 • 10* m-* Fi^2S7 



67G4 

5813, 59FU 
64K3, 64U1 



J 12b ESR: Tab. 46; Fig. 239 • - 243. 
c Mossbauer effect: Fig. 244 • • • 247. 



13b Diffuse X-ray scattering: Fig. 248 249 250 
I I Inelastic neutron scattering: Fig* 251 
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II 1 Perovskite-type oxides Figures p. 264ff. 





14a 
b 


Domain structure: Domains have been observed by various methods: polarized 
light*). X-rays*), electron microscope 0 ), etching method**), powder pattern method*), 
and decoration method'). 
Fig. 252 •••255. 

Domain wall motion: Domain wall motion has been observed optically) and by re- 
peated differential etching.*) The domain shapes in motion depend on the applied 
field and temperature. 0 ) Fig. 256. 

The wall velocity is proportional to exp (-<5/£) at relatively low field, d = activa- 
tion field for domain wall motion. Fig. 257 * • • 267. 


*)48M1, 
49F1, 52M3 
*)63B13, 
64N1, 65C3, 
64L1 

*)62T1 t 63B9, 
67R4, 64T2, 
66R5, 67R2 
*)55H2 
*)59P1 
*)66S8 

*)59M2, 60S2 

*)63S13 

C )63S13 

58M4, 59M3 




15 


Surface layer: The first suggestion about the existence of surface layers of BaTiO s 
crystals was made by Kanzig*) on the basis of electron diffraction studies of very 
small particles of BaTi0 3 b ). The dependence of the following quantities on the thick- 
ness of the crystals has been observed as evidence of the existence of surface layers : 
domain wall velocity 0 ), dielectric constant), optical absorption coefficient^) and 
electroluminescence spectra'). Pyroelecfcric current was observed above the Curie 
point and discussed in connection with surface layers*). A few models of surface layers 
have been proposed*). According to Tanaka and Honjo»), the surface layer, if it 
exists, seems to be very thin. 


*)55K1 

*)54A1 

C )56M4, 

61 M 2, 65C1 

*)61S4, 62C3 

*)60C3 

f)58H1, 

65 B7, 66B6 

e )56C1 

*)56M4 t 

61 F 2 59D3, 

65C1 

i)64T2 




16 
17 


Radiation damage: Fig. 268, 269. 




Energy band structure: Fig. 270. 





Tab. 29. BaTiO,. Solubility in KF solution. [S4K1] 



T 


1000 


1050 


1100 


1150 


1200 


1250 


1300 


°C 


BaTiO s 


4 


6 


9 


12.5 


17 


22.5 


28.5 


mole% 



Tab. 30. BaTiO s . Fractional 
coordinates of atoms in the 
unit cell of phase I. [52M2] 





X 


y 


z 


Ba 


0 


0 


0 


Ti 


i 


i 


* 


O 


\ 


i 


0 




\ 


0 


i 




0 




i 



Tab 31 BaTiO. Shift of atoms in fractional coordinates of phase II from the positions of phase I. 
1 ISIKfl. i" F n. V1EJ] 





3*0(1) 


6*0(2 ) 


Ba 

B tl £ 3S 


Ti 

Bn B zz 


O(l) 

#11 #82 


0(2) 
B 1X B 2a B M 


References 


0.014 
0.014 
0.015 
0.012 


-0.032 
-0.023 
-0.024 
-0.026 


0 

-0.014 
-0.020 
0 


0.48 

0.273 
0.27 0.28 
0.27 0.28 


0.13 

0.152 
0.53 0.21 
0.46 0.30 


0.13 
0.334 
0.90 0.08 
0.90 0.50 


0.48 

0.267 
0.60 0.49 0.07 
0.60 0.90 0.90 


51K1 
55F1 
61E3 
61E3 



-e positions of atoms in the unit cell are Ba at (0, 0. 0), Ti at I, i + dz-n), O(l) at (i i <5* 0 u>) and 
(2) at (J. 0, i + a*o(2»)- 
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Figuren S. 245 ff. 



II 1 Oxide des Perowskit-Typs 



atom^n ?jf Ti °^ Fra <*ional coordinates of 
atoms in the unit c ell of phase III. 

I ' 1 ~y I ~* 



Ba 



Ti 



O(l) 



0(2) 



0 

i 
0 

* 

0 

i 

i + s youi 

i + * Vow 

i - tyow 

„ 



0 

i + S*ti 

i + <5* 0 <o 

i + $*0U) 
i + <S*o<s) 
i + ^ofe) 



^ HI. respectively. [57S2] 



6z 



rTi 



0(2) 



Qrthorhombic | Tetrag^naf 



Ba at (000) 
+0.06 A 
-0.06 A 
-0.07 A 
±0.02 A 



+0.06 A 
-0.09 A 
-0.06 A 



Sz i Ba 
( O(l) 



Origin is chosen to give dz 0(i) = 0 



+0.13 A 
+0.07 A 
+0.02 A 



+0.15 A 
+0.09 A 
-0.03 A 



' — U.UJ rt. 

* = 0.097, 



4Ba(2) at (f) 
2Ti(l) at a), 
4Ti(2) at (f), 
60(1) at ffi), 
120(2) at k 



* = 0.845, 

* = 0.522, 

* = 0.836, * = 0.076 

in the Ti,0.^up 5 ' InteMc of hexagonal structure. W J] 

0(1)-0(1)= 2 .49A in the shared face 

0(2) - 0(2) = A ^ ^ ^ bUt ^ atoms *> -t belong to the same shared face 
O(l) - 0(2) = 2.91 A 
Ti(2)-0(1) =1.96 A 
Ti(2)-0(2) =2.02 A 
in the TiO, octahedra 
0(2)_0(2) =2.82 A 
0(2)-O(2)=2.69A 
Ti(l)-Q(2) = 1.95 A 



in the same layer, 
between adjacent layers 

I Tab. 36. BaTiO,. Lattice constants and unit cell 

! volume at varinne -r rr, r7:i umc ce11 



T 
°C 


a 

A 


b 
A 


c I v 

A | a» 


+ 20 
+ 4 

^iii-ii 
+ 4 1 
- 99 | 

®iv-iii 


3.9920 
3.9910 

4.0185 1 
4.0170 | 


3.9920 
3.9911 

3.9860 1 
3.9750 | 


4.0361 I 64.317 
4.0357 | 64.282 

4.0162 1 64.319 
4.0150 J 64.093 



^ ^S^T,^^^ -ffi- 



T 
°C 


io-« °c-i 


io-« °c-» 


',0- 


* °C~ 1 


+20 
+ 4 
-99 


... + 4 
... _ 99 

-160 


15.7 
4.9 
7.8 


15.7 
28.4 
7.8 




6.2 
0.9 
8.2 



Tab. 38. BaTiO,. Transition heats and transition 

en imfM/Ms 



4.0015 
3.9996 



4.0015 
3.9996 



4.0020 
3.9997 



64.079 
63.981 



I Accuracy of measurement below RT was ±0.0007 A. 



Transition 


|cal mol- 1 


IV-* in 


I 8 ± 2 




14.3 




12 


III -* II 


22± 4 




15.5 




16 


II 


50 ±5 




47 




47 



caJmol- 1 0 K-! 



0.04 
0.07 
0.06 

0.076 
0.054 
0.058 

0.125 

0.12 

0.12 
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Figures p. 262 ff. 
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*' = *co + 2* 4* ft -— y ? ~ 

BaTi0 3 H ' 

Ordinary ray | SrTiO a 

20.4; 491 
0.059 ± 0.002 
0.60 ± 0.03 



4 *& 



54.8; 183 
0-030 ± 0.006 
2.2 ± 0.4 

296 ± 8; 33.8 ± 0.9 
2.5 ± 0.1 
1830 ± 70 



18.4; 544 
0.049 ± 0.002 
1-56 ± 0.06 

56.3 ±0.5; 178 ± 2.0 
0-039 ± 0.004 
3.6 ± 0.4 

H4.3±l.l;87.7d=0.9 
0.5 ±0.1 
311 ± 62 



TiO s 
Ordinary ray 

A 20.0; 500 
0.044 ± 0.004 
2.0 ± 0.2 

25.8; 388 
0.058 ± 0.006 
108 ± 0.1 

54.8 ±0.5; 183 ±1.8 
0.19 ± 0.01 
81.5 ± 4.1 



KTaO s 



18.2 ±0.2; 549 ±6 
0.043 ± 0.009 
2.4 ± 0.5 

49.8; 200.8 
0.055 ± 0.011 
7.6 ± 1.5 

107.5±2.0;93.0±2 0 
0.5 ± 0.1 
163 ± 33 



Resonance wavelength X - in in-« m ■ ' 163 ± 33 

" ^ SrI '°" Ti °- ftf — — » .V, 



»"* gap energies (in eV) 

I _1Z * dlff6rent ^rsio n functions se'e [67Bn 

I SrTiO. ' « — J 



' BaTiO, 



KTaO. 



[ Faraday rotation 
h a> f for F t 
Faraday rotation 

A a> e for F t 
Energy of reflectivity 
, peak or shoulder 

Energy of electroreflectance 
[ singularity 

I h m g from absorption data 
Energy at which absorption 
coefficient a « 10* cm-* 



296 *KTff^\-iur^^ 



KTN 
296 °K 



3.26 



3.77 


3.79 


3.54 


3.62 


3.65 


3.36 






3.70 


3.57 
3.80 




3.60 


3.75 






3.79 J 




3.45 



3.00 
3.30 



3.18 



eV 



BaTiO s : Nb 



BaTi0 3 : Ce 
BaTiO,: Sm 
BaTiO.: Gd 
BaTiO,: Sb 
(Ba-Sr)TiO s 
(Ba-SrjTiO,:La 
BaTiO a : Sr. Ce, Sn 
BaTiO a : Sr, Ca, Sn 
BaTiO,: Sr, Bi 
BaTi0 3 : Mg, Ce 

BaTi0 3 : Si, Ce 



63H5. 65U2 

63T3 
63G5 
65U2 
65A3 

61HS, 65 A 3 
%SU 61T1. 63T3 

61S1 
63T3 
61S1 
61S1 
61S1 
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Figures p. 268 ff. 



Nr. 1A-9 PbTiO s , Lead titanate 



la 
b 



2a 
3 



5a 



6a 



7a 



9a 



12b 



14a 



16 



Ferroelectric activity was reported independently by Shirane et al. and by 
Smolenskii in 1950. 



phase 



state 



crystal system 



space group 



III*)' 



II*) 



tetragonal 0 ) 



P4mm-CJ v 



I a ) 



P») 



cubic*) 



Pm3m-OL 



-100>) 



490*) 



= 3.904 5 A, c = 4.15^ A at RT (in phase II). 



Crystal growth: KF flux method; PbCl 2 flux method. 
Crystal form: Fig. 271. 



Crystal structure : Positional parameters : Tab. 47, 48. 
Projection of crystal structure: Fig. 272, 273. 



Thermal expansion: Fig. 274 ••• 280. 

Dependence of lattice parameters on hydrostatic pressure: Fig. 281. 



Dielectric constants: Fig. 282. Small dielectric anomaly was observed at about — 100 
and -150 °C. 

Curie-Weiss constant: C = 1.1 • 10 5 °K (single crystal). 



Specific heat: Fig. 283. 
II-I 



1150 



1.6 



cal mol -1 



cal °K~ 1 mol" 1 



Thermal conductivity: Fig. 284. 



Piezoelectric properties : Tab. 49. 



Birefringence: Fig. 285. 

Infrared absorption: Fig. 286, 287. 

Frequencies of infrared modes : Tab. 50. 



ESR: Tab. 51. 



Domain structures were observed by polarized light. 



Radiation damage: Fig. 288. 



50S4 
50S6 

*)51S6 
*>)55K3 
C )46M2 



46M2 



58K1, S2N2 



56K2 
62B4 



51S7 
51S7 



52N2, 58K1 
59K1 



Tab. 47. PbTiO s . Positional 



parameters 



of atoms at RT. 
[S6S5] 



Tab. 48. PbTiO s . Bond lengths in A at RT 
(phase II) and at 490 °C (phase I) [56S5]. 0(1)+ 
represents the O(l) ion closer to, 0(1)_ that fur- 
ther away from Ti. Similarly 0(2)+ is closer 
to Pb 





X 


y 


Z 


Pb 


0 


0 


0 


Ti 


* 


* 


0.540 


0(1) 


* 




0.112 


0(2) 


i 


0 


0.612 




0 


i 


0.612 



phase 


II (at RT) 


I (at 490 °C) 


Ti-0(1)+ 


1.78 


1.89 


Ti-0(1 L 


2.38 




Ti-0(2) 


1.98 




Pb-O(l) 


2.80 


2.80 


Pb-O 2)+ 


2.53 




Fb-0(2)_ 


3.20 





f Phase transition II-III was reported to occur only if the cooling rate is extremely slow. [5SK3] 
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Tab. 49. PbTiO a (modified 
ceranucs).Electromechan- 
I ical constants at RT 
[68U1] 



Q 

porosity 



e 



*1I 



Qmtch 

for s n 
fors 33 



*15 



f 31 



In 10* t™ 1 ?*- Wave number * 
1 and symmetries of in- 
frared modes of lattice vibration 
obtained from Kramers-Kroni* 
| analysis of the reflectance c££ a t 
RT. [65 P4] 



7.19 
0.105 



466 



226 



0.068 
0.23 



7.68 
0.036 



524 



0.40 

0.031 

0.32 



1 (\1 1 

3.9H 


A 


A 111 

4. 1 33 


A 


1.057 




7.12 


■ 


0.10 




t rV*t 


— . 

°C 


244 




203 




7.4 


l0~ l2 CN-i 


47 


10- 12 CN-i 


4.1 


10-8 m 2 C-i 


28 


lO^m 2 C" 1 


l.l 


10-" m 2 N-i 


l.l 


10-»m a N-i 1 


326 




76 




0.36 




0.052 




0.35 





Si 



Tab 51. PbTiQ 3 . g-factore at RT. [64G1] 



Nr. 



^J^SSSSiS^ ^ Studied * -P-ison with those of so™ 
» = K 5 5T 0rth ° rh0mbiC wi * cell tensions . = 5.587 A. 

£ = 4.95 • 103 kg m -s ^ ° and 333 Cfor ceramics of bulk density 



Infrared absorption: Fig. 289, 290; Tab. 52. 



5 SCt 



65B10 



Nr. 



la 



The ficticious spin is * [64G1]. 
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Figures p. 271 



i 
i 

-i 
-i 



| Nr. 1A-11 SrZrO s> Strontium zirc onate 

, A few p^ica. prepert*. o. S,Zrt>, ^ studied i. compansc »«, .to» o. so-e 

^S^^S^^d^^ 

— : • ft - 10- 6 °C~ 1 between 23 °C and 

i^S^S "c-^tween 320 -C and 700 -C for ceramics of bulk density 
o = 5.00' 10 s kg m-*. 



, Infrared absorption: Fig. 291, 292; Tab. 53. 



57R2 



65B10 



Tab. 53. SrZrO,. ^T^Kram^^^^ 
lattice vibration obtained from ^mers^nig * 



iO, 
Dde) 



— : • ca.m-« °C- 1 between 23 °C and 214 °C; 

\ = C 6 5^ el ?0-' 'C-^bXeen 214 % and 324 °C for ceramics of bulk density 
1 = 6.73 • lffkgm-' 



<SJB/0 



Infrared absorption: Fig. 293, 294; Tab. 54. 



10 



| Nr. 1A-13 PbZrO s , Lead zi rconate 

; ~ o.^nciated with a phase transition was reported inde- 

la W^«^^i 1 ^SS2S^tolsS0L Antiparallel ionic sh.fts on the 

SSSrS t^Ti^ndS e ifflo^n S ysteresis loops were observed. 



- w a 

phase 


II») 


la) 


state 


A*) 


pa) 


crystal system 


orthorhombic c ) 


cubic c ) 


space group 


Pba2-C| v c ) 


Pm3m-0£ c ) 



L 5.87 A, 6 - 1174 A, c = S-ZoTat^I [ (inpha^ ^JJ^S*^ 
phase I becomes pseudo-tetragonal m phase II. "^^""J and c . a = /2 a'. 
I and c- are re,ated with the ^^^^i*^ between 

^el^ 

Crystal growth: PbCl a flux method. 

Makita 



50R1, SOS 7 
51S3 
51S8 

*)50R1 
*)51S8 
°)51S3 



51 S3 



55 J 2 



Figuren S. 271 ff. 



5a 
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Nr. 1A-13 PbZrO, continued — 

Projection of Zi0^^296 %^& ^ TOVskl ^ Positions: Tab. 55. 
Bond distances between Zr a\id 6; Fig. 299. 



Thermal expansion : Fig. 300 * • • 303 

coefficients alon g the ff^J^ expansion 

Dielectric constants: Fie 304 1 — - 



Dielectric constants: Fig 304 

Fff^J ' 105 ° K (£ tera >ined with ceramics) 
Effect of pressure: Fig. 305 «*""^>;. 

(dBa/dp)^ = (4.1 ± 0.2) "lO- 8 °K N-i m t. 

Critical field: Fig. 30 6. 

Specific heat: Fig. 307 " 

For the transition II-I 



A Qm = 440calmol~ 
Thermal conductivity: Fig. 308. 



AS m = 0.88 cal °K-*mol-i 



Elastic compliances: Fig. 309. 



Birefringence: Fig. 310. 
Infrared abso rption: Fig. 311. 312- Ta h $6. 

T? 1 rJirt 4-1 J — . " 



S1S3, 57 J 4 
51 S3 J ' 
57J4 



52S1 



52S2 



Radiation damage: Fig. 313. 



Tab. 55. PbZrO, (ceramics). Atomic coordinates and shift* f™™ m i 

aDd | Shlfts ^ ld <** Perovskite positions at RT. [57/4] 



Atom 



O(l)' 
O(l)- 

0(2)' 
0(2)- 

0(3)' 
0(3)" 

0(4)' 
0(4)" 



0.706 
0.706 

0.243 
0.243 

0.270 
0.270 

0.040 
0.040 

0 
0 



0.127 
0.127 

0.124 
0.124 

0.150 
0.100 

0.270 
0.270 

0.500 
0.500 

0 
0 



0 

0.500 

0.250 
0.250 

0.980 
0.480 

0.300 
0.750 

0.250 
0.800 

0.250 
0.800 



Wyckoff 
notation 


Total 
shift 
A 


4c 


0.26 


4c 


0.26 


4c 


0.04 


4c 


0.04 


4c 


0.35 


4c 


0.35 


4c 


0.53 


4c 


0.34 


2b 


0 


2b 


0.41 


2a 


0 


2a 


0.41 



5a 

Nr. 

la 



Kr. 1A-14 PbHf0 3 , Lead hafnate 
la 



5a 



11 



12c 
17 



f^^^^^sar^, !3S1 

pnase ITT t r \ *-so3 



state 



crystal system 



(A) 



pseudo-tetragonal 



II 



tetragonal 



163 



cubic 



iuj 215 °C 

Lattice constants for the pseudo-tetragonal phase : f = 4.136 A, = 0.991 atRT. 

Makita 
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53S3 



53S3 
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Figures p. 274 ff. 



Thermal expansion: Fig. 314. 

Cubic thermal expansion coefficients: below 158 °C: 20 • 10~* deg" 
above 215 °C: 27 - 10" 6 deg" 1 . 



53S3 



5a 



Dielectric constant: Fig. 315. 
C = 9.5 • 10* °K (ceramics). 



53S3 



Nr. 1A-15 BiFeO s , Bismuth ferrite 



la 


In I960 4 ) it was pointed out on the basis of x-ray studies of the solid solution, 
PbTi0 8 -BiFeO s , that BiFe0 3 could have a ferroelectric Curie point at high temper- 
atures. The Curie point was estimated to be about 850 °C from studies of the same 
solid solution*). 

Disagreement, however, exists among many experimental data reported so far, 
therefore reservation is necessary in deciding whether BiFeO, is ferroelectric or anti- 
ferroelectric. 

Antiferromagnetic anomaly in BiFe0 3 was observed by direct magnetic measure- 
ments at about 370 °C C ). 


*)60F9,60V2 
h )61F3, 62F8 

c )62SfO. 
63Rf, 6512 


b 


phase 


IV 


III 


II 


I 






state 


(A) or (F), 
A * 


(A) or (F), 
Pmagn 


(A) or (F), 

Pma«n 


(P), 
p 






crystal system 


rhombohedral 


rhombohedral 


rhombohedral 


cubic 
(possibly) 






space group 


R3m-C|** 












e 


370 ~575 850 °C 






a - (3.962 ± 0.001) A, a = 89° 31' ± 3* at RT. 
Further references are available on unit cell parameters. 




64 T 6 

OUV d t OUIrO, 

60Z2 


3 


Crystal structure: From the x-ray diffraction studies, BiFeO s was found to belong to 
one of the five space groups: R 3, R 3, R 32, R3m and R3m. 

Neutron diffraction studies suggested that BiFeO, belongs to the non-centrosymme- 
tric space group R3m. The crystal structure can be regarded as consisting of alter- 
nating FeO s and BiO s trigonal pyramids: Fig. 316; Tab. 57. 

According to the electron diffraction study, BiFeO a belongs to the non-centro- 

symmetric space group R3m at RT. Atomic coordinates: Tab. 58. 

The space group R3m was, however, rejected by Smolenskii et al., because it does 

not satisfy the conditions for the existence of weak f erromagnetism . 

The magnetic structure of BiFeOj was proved to be G-type by the neutron diffraction 

experiments. Fig. 317, 318. 


60Z2 
63K5 

64T6 

64S9 
63K5 


4 


Unit cell parameters: Fig. 319, 320. 


See also 






66R8, 64T5 


5a 


Dielectric constant: Fig. 321, 322, 323. 

No reliable data on the dielectric constant in the high temperature region near 850 °C 
are available. 




11 


Magnetic susceptibility: Fig. 324. 

At RT, no spontaneous magnetic moment was observed in the fields up to 22 kOe. 




12c 


Mossbauer effect: Fig. 325, 326. 




17 


Calculations of the internal electric fields and their gradients in BiFeO, crystals were 
made on the basis of an ionic model. 


67T7 



Tab. 57. BiFeO,. Values of the 
interatomic distances [A]. [63KS]. 
See Fig. 316. See also \64T6\ 



Tab. 58. BiFe0 3 . Atomic coordinates. [64T6] 





520 °C 


20 °C Atom 


X 


y 


z 


Bi-Fe {A) 
Bi-Fe {B) 
Bi-0 (C) 
Bi-0 (D) 
Fe-O (F) 
Fe-O (G) 
O-O (H) 
O-O [K) 
O-O (L) 


3,841 
3.006 
2.903 
2.680 
2.233 
1.754 
2.841 
2.800 
2.680 


3.857 Bi 

2.994 Fe 

2.907 O(l) 

2.693 0 2) 

2.214 0(3) 

1.774 

2.859 

2.800 

2.724 


0.0337 
0.5000 
-0.0280 
0.5000 
0.5000 


0.0337 
0.5000 
0.5000 
-0.0280 
0.5000 


0.0337 
0.5000 
0.5000 
0.5000 
-0.0280 



* This state is presumably weak ferromagnetic. [66Y2] 
„*■* See subsection 3. 
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Nr. 1A-16 KIO s , Potassium iodate 



2a 



Ferroelectric behavior in KIO, was reported by Herlach in 1961. 



phase 



state 



crystal system 



Va) 



IV*) 



Fa) 



III») 



Fa) 



trigonal b )* 



F») 



P.) 



trigonal*) 



-190') -18, -10»)*» 70») 212M ^~ 

r mell = 560 °C. ' ° 

q - 3.979 1 ) • 10 J kgm-». 

l-ulm+Z™?; 3.802, is also given in the same reference. 
a - 8 921 A 6 8 9^fi A = ^V,^' ad ° ptin S 

tridinic sys tem = 8 916 A ' C = 8 885 ' a = /* = 7 =s 90" i 30' at RT, adopting 
Transparent 



Hydrothermal method : Fig. 327 

^Zf h fr S m ^supersaturated solution with 10 
perature: Fig. 328. 



14% HIO, at a constant tem- 



Z 7 = \ Z III' adopting trigonal system. 

^ = 8 in phase III, adopting triclinic system. 



^^oLl^ omation: a = W.44 -f 0.00022 (T - 220n A 
ct ~ 89° 20 — Q.Q9 (T — 220)' in phase I (T in °C) . 



Dielectric constants: Fig. 329, 330. 
Spontaneous polarization: Fig. 331. 



Absorption edge: Fig. 332. 



61H3 
*)61H3 

*)60S5 



66H17 
08g1 

60S5 
65F3 



NMR: Fig. 333. 



61H3 
27m 1 



61H3 
65F3 



61H3 

66H17 
61H3 



67V2 



61H3 



IB Complex perovskite-type oxides 
| Nr. lBl-i (K 1 / 2 Bi 1 / 2 )TiO s , Potassium bismuth titanate 

la Ferroelectricity in (K^Bi^TiO, was found by Smolensk* and Agranovskava in 
phase 



4 

5a 



state 



crystal system 



space group 



& 



I 111 


II 


(F) 


(A) 


tetragonal 


pseudo-cubic 







cubic 



270 



Pm3m-OJ 



410,380a) °c 
a = (3.913 ± 0.0Q3) A, c = (3.993 ± Q.QQ3) A at RT. 



Crystal structure: Disordered perovskite. 



Lattice distortion : Fig. 334. 
Thermal expansion: Fig. 335. 



Dielectric constant: Fig. 336. 



59S6 

6215 
*)60S6 



6215 



Nr lBl-jj (Na^Bi^ TiOs, Sodium bismuth titanate 

la | Ferroelectricity in (Na l/2 Bi l/2 )TiO, was found by Smolensk* and Agranovskava 



59S6 



-^r ^ SyStem ?o h o a : e bCen WX**'' trigonal 160SS], triclinic [65FJ). 
-10 Con heating, -18 °C on cooling. L 1 



64 



Abe/Nomura 




II 1 Perovskite-type oxides Figures p. 278 ff. 



lb 


phase 


Ill 


II 


I 






state 


F 


(A) 


P 






crystal system 


rhombohedral 


pseudo-cubic 


cubic 


6215 




space group 






Pm3m-OJ 






B 


*«200 a ) 320 °C 


*)60S6 




a = (3.891 ± 0.002) A, « = 89° 36' ± 3' at RT. 






3 


Crystal structure : Disordered perovskite. 


6215 


4 


Thermal expansion: Fig. 337. 




5a 


Dielectric constant: Fig. 338. 








c 


Spontaneous polarization and coercive field : P 5 « 
E c 14 • 10 2 kV m- 1 at 116 °C. 


* 8.0- 10- 2 Cm- 2 ; 


60S6 



Nr. lB2-i Pb(Mg l/2 W l/2 )0 3 



la 


Antiferroelectric properties of Pb(Mg 1 / 2 W 1 / a )O s were discovered by Smolenskii et al. 
in 1959. 


59S7 


b 


phase 


II 


I 






state 


A 


P 






crystal system 


orthorhombic 


cubic 


62Z1 




space group 


C222 r D| 








e 


38 °C 






a = 22.74 A, b = 22.79 A, c = 15.90 A at RT. 
Orthorhombic unit ceil : see Fig. 339. 




2a 


Crystal growth: 


Crystal growth of Pb(Mg l/2 W l/2 )0 3 was reported by Myl'nikova. 


60M2 


3 


Crystal structure: Pb{Mg l/2 W l/2 )0 3 has the structure of perovskite type. Fig. 339. 
Z = 64 (molecular unit: Pb 2 MgWO c ). 


62Z1 


4 


Lattice distortion associated with the phase transition. 
Thermal expansion : Fig. 340. 


62Z1 


5a 


Dielectric constants: Fig. 341, 342, 343. 
dSJdp = -5.84- 10 s °KN- l m». 




6 


Specific heat: Fig. 344. 
Transition heat (II I) : AQ m = 


= 276 cal mol- 1 . 


66S28 


8a 


Elastic compliance: Fig. 345. 
Ultrasound absorption: Fig. 346, 347. 





Nr. 1B2-H Pb(Cd l/2 W l/2 )0 3 



la 
b 



^5a 



Synthesis of Pb(Cd 1 / 2 W 1 / 2 )0 3 was reported by Belyaev et al. in 1963. 
phase 



63B3 



state 



crystal system 



& 



II 



(A) 



monoclinic 



cubic 



400 °C 

a = (4.156 ± 0.002) A, b = (4.074 ± 0.002) A, p - 91° 9 1 ± 5' at RT. 
Roginskaya and Venevtsev reported that another transition exists at 120 °C, in 
addition to the transition at 400 °C. 



Crystal structure : Superstructure lines, indicating ordered location of the octahedral 
voids of the perovskite lattice, were observed. 



65F4 



65R4 



65F4 



Lattice distortion: Fig. 348, 349. 



Dielectric constant: Fig. 350. 
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5 



Kguren S. 280 ff. 



II 1 Oxide des Perowskit-Typs 



1 Nf ' 1B2 ~™ p b(Mn l/2 W 1/2 )O s 



A synthesis of Pb(Mn l/a W l/2 )0 3 was reported by Venevtsev et a? 
phase jj 



state 



crystal system 



W> Pmaw P. P 



r ma*n 



cubic 



423 



a = 4.063 A, b = 4.033 A, p = 90° 12' at RT\ 



Dielectric constant: Fig. 351. 



Electrical conductivity: <r = 8 ♦ 10~ 8 Q-i m -i 



Magnetic susceptibility: see Fig. 351 



64 V 3 



65R5 



65R5 



65R5 



1 Nr. lB2-iv Pb(Co l/2 W l/£ )Q 3 

la Antiferro- and ferroelectric properties in PbrCo , W \n 7 

et al. ^ y UCb 111 ^°l^°i/2 Wj/JO, were discovered by Filip'ev 



phase 



state 



2a 



crystal system 



0 



IV 



F > F maga (weak) F, P 



III 



II 



A, P, 



mam 



9») 



orthorhombic cubic 



83-. 103 



P P 



magn 



a = 4.008 A at 298 °K. 



293*) 
305 



°K 



Crystal growth: Flux method with PbO. 



the three directions. The real elern^n^^tt^f 1°} and W<t+ cations dong 
parameter A = 2a for phase I and wifh +hl S a CU ? ,C face cen *ered one with thl 
and C = 2a sin 0/2) for I^wler ^ &Tn^ Z^™?^™^ ^ = 2c °s(#2), f* = 2b 
lattice. w } wnere a ' b and P are the parameters of the perovskite sub- 



63F1 

65B8 

*)66K6 
*)64F4 



phase 



ii 



A = 8.017 A at 298 °K 



lattice parameters 



A = 5.669 A, B = 7.956 ATc^T^X^Tii^F 



Lattice distortion : Fig. 352. 



Dielectric constant: Fig. 353, 354, 355. 
Polarization: Fig. 356. 



Magnetic susceptibility and magnetization: Fig. 357, 358. 



65B8 



64F4 



64F4 



Nr. l B2-v Pb(Mn 1 / 2 Re l/2 )Q 3 

a synthesis of Pb(Mn l/2 Re l/2 )0 3 was reported by Venevtsev et af 



66 



phase 



state 



crystal system 



III 



(A), F ffl 



II 



(A). P m 



monoclinic 



P.P. 



magrn 



cubic 



103 



a = 4.043 A, b = 4.012 A, 0 = 90° 33' at RT. 



393 



°K 



Crystal structure: Ordered perovskite. 



64 V 3 



65R5 



65R5 



Nomura 



II 1 Perovskite-type oxides 



Figures p. 281 ff. 



Lattice distortion: Fig. 359. 



65R5 



10_ 
11 



Electrical conductivity: a — 1 • IP" 1 O -1 m -1 . 



65R5 



Magnetic susceptibility and magnetic moment : Fig. 360. 

The linear temperature dependence of Xmap n ™ th a positive value of 0 P maffn = 85 °K, 
and the appearing of the spontaneous moment at 103 °K, may indicate the presence of 
ferromagnetic properties in this compound, which is in agreement with the positive 
sign of the indirect exchange interaction proposed by Goodenough for Mn 2+ and 
Re 6+ ions. However, the magnitudes of the calculated theoretical spontaneous 
moments agree with the experimental values only on the assumption of an anti- 
ferromagnetic interaction between ions distributed in an ordered fashion over the 
octahedral vacancies. 



Nr. lB3-i Pb(Sc l/2 Nb l/4 )O s 



65R5 



Ferroelectricity in Pb(Sc l/2 Nb 1 / 2 )0 8 was discovered by Smolenskii et al. in 1959. 
phase II 



state 



crystal system 



e 



tetragonal*) 
(possibly) 



cubic 



90 



a = (4.074 ± 0.001) A, c = (4.083 ± 0.001) A at RT.») 



Crystal structure: In the powder patterns, additional to the principal lines of the 
perovskite structure, superstructural lines were observed indicating a doubling of the 
lattice period. 



Dielectric constant: Fig. 361. 

Spontaneous polarization: P 8 & 3.6 • 10~ 2 cm _ * at 18 °C. 



59S9 
59S9 

*)60I3 



5913 



59S9 



Nr. lB3-ii P^Mn^Nb^Oa 



la 



A synthesis of Pb(Mn l/2 Nb l/2 )03 with perovskite structure was reported by Venev- 
tsev et al. 



64V 3 



Nr. lB3-iii Pb(Fe l/2 Nb l/2 )O s 



phase 


III 


II 


I 


state 


F, Amaga 


F, Pmagn 


P# Pmagn 


crystal system 


rhombohedral 


rhombohedral 


cubic 


space group 






Pm3m-0}, 



2a 



Ferroelectricity in PbJFej/gNb^Og was discovered by Smolenskii et al. in 1958. 



e 

a = 4.014 A, ex 



143 

89.92° at RT. 



387 



°K 



Crystal growth: Flux method with PbO. 



5a 



Crystal structure: Disordered perovskite; X-ray studies have not shown any ionic 
ordering in the octahedral sites of perovskite structure. The magnetic peak was 
found in the neutron diffraction experiments at 78 °K. The effective magnetic 
moment of the Fe 8 + ion was found to be (0.80 ± 0.16) ^ B at 78 °K from the cal- 
culation of the intensity of the (111) reflection, which is about 90% of the magnetic 
moment at 0 °K. Fig. 362. 



Dielectric constant: Fig. 363. 



58S4 

62B7 
64S8 



62B10 



62 B 7 



64S8 
65D6 



9a 



Optical absorption: Fig. 364. 



11 



Magnetic susceptibility: Fig. 365. 
M = 5.4 p B . 



62 B 7 



12b 



ESR: Fig. 366. . 
Mossbauer effect: Fig. 367, 368. 

The quadrupile splitting AE qu = (0.37 + 0.02) mm sec" 1 , the isomer shift 
5 = (0.52 ± 0.02) mm sec~\ corresponding to trivalent iron (at 20 °C). 



66S22 



Nomura 
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Figur en S. 283 



isKSS* ° f Pb(C °^ Nb ^°3 P-ovskite structure was reported by Venev- 



II 1 Oxide des Perowskit-Typs 

| Nf * 1B3 " iv Pb(Co l/2 Nb l/2 )0 3 
la 

Informations on the dielectric and magnetic properties are available: 

Nr. 1B3-V Pb (Ni l/2 Nb l/2 )Q 3 

| 5^^^^ PeTOVSkite StrUCtUte WaS Resized by the addition of I 

I 555/7 

| Nr. lB3-yj Pb(In l/2 Nb l/2 )Q 3 

la I Dielectric anomaly in Pb(In l/2 Nb l/2 )0 8 was found by Kuprxvanov and Fesenko in 



5a 



phase 



state 



crystal system 



a 4.11 A at RT. 



II 


I 


(F) 


P 


monoclinic 


cubic 


(possibly) 


90 °C 



Dielectric constant: Fig. 369. 



65K9 



65K9 



I Nr. lB3-vii Pb(Yb l/2 Nb l/2 ) Q 3 

la Antiferroelectric properties in Pb(Yb l/2 Nb l/2 )0 3 were reported by Fiop'ev et al. in 
phase n j 



state 



crystal system 



AF 



monoclinic 



cubic 



300, 310») °C 
a = 4.168 k t b = 4.107 A, p = 90° 2T at RT»). 



4 

Ta 



: — * r — x\i °j. 

kSSSfSST-" SU P erstructare corresponding to ordering of Yb» + and Nb^ 



Lattice distortion: Fig. 370. 
Thermal expansion: Fig. 371 



Dielectric constant: Fig. 372. ~ ' " " 

Nr. l B3-viii P b(Ho l/2 Nb l/2 )Q 3 

l|ielectric anomaly in Pb(Ho l/a Nb l/a )0 3 was found by Kupkivanov and Fesenco 
phase ii t 



63F1 
65K9 
*)64T4 



64T4 



la 
b 



state 



crystal system 



e 



(A) 



monoclinic 



cubic 



240 



a = 4.160 k,b = 4.106 A, fi = 90° 30' at RT . 
Dielectric constant: Fig. 373. 



65K9 



65K9 



[ Nf - 1B 3-i* p b(Lu l/2 Nb l/2 )Q 3 
^ ^tnmT ZlY " Pb < L ^ 2 Nb l/2 )0 3 was found by Smolensk,: and Acramov- 

Nomura 



58S3 



la 


Ferroelectricity in PMSc^Ta^Os was discussed by Smolenskii et al. in 1959. 


59S9 


b 


phase 


II 


I 






state 


F 


P 


59S9 




crystal system 


tetragonal 1 *) 
(possibly) 


cubic 


*)59I3 




B 


26 °C 






a = (4.072 ± 0.001) k, c = (4.072 ± 0.001) A at RT*). 




3 


Crystal structure : The large number of superstructure lines and their great intensity 
in Pb(Sc l/2 Ta l/2 )O s indicates that the degree of ordering of Sc*+ and Ta 5 + ions is 
greater than in Pb(Sc 1 / 2 Nb 1 / 2 )O s . 
See lB3-i-3. 


5913 


5a 


Dielectric constant: Fig. 376. 





i 

II 1 Perovskite-type oxides 



Figures p.284ff. 



lb 


phase 


II 


I 






state 


(A) 


P 






crystal system 


monoclinic 


cubic 






& 


270 °C 


65K9 




a = 4.152 A, b = 


= 4.093 A, p = 90° 30' at RT. 




4 


Thermal expansion : Fig. 374. 




5a 


Dielectric constant : Fig. 375. 





Nr. 183-x PbCSc^Ta^Oa 



Nr. lB3-xi Pb(Mn l/2 Ta l/2 )O s 



la I PbfMnw-TawJOj, with perovskite structure was synthesized by the addition of 

I 5mol% SrO. I ^ S17 



Nr. lB3-xii Pb(Fe l/2 Ta l/2 )0 3 



phase 


III 


II 


I 


state 




P» Praam 


P* Pmar d 


crystal system 


rhombohedral 


rhombohedral*) 


cubic 


space group 






Pm3m-OJ 



2a 



Ferroelectricity in PbfFej/aTa^JOa was discovered by Smolenskii et al. in 1959. 



& 



143, 133*) 



243, 233*) °K 



P B || [111] (probably) 

a = (4.007 ± 0.001) A at RT. 

black (dark orange for thin samples). 



Crystal growth: Flux method with PbO. When the soak temperature is higher than 
1200 °C, crystals are obtained having both pyrochloride and perovskite structure. 



59S7 



68N1 
*)65S17 



Crystal structure : Disordered perovskite. 



phase 



II 



lattice constants 



a » (4.007 ± 0.001) A at RT. 



a = (4.006 ± 0.001) A at 90 °K 
« = 89.89° ± 0.02° 



Dielectric constant: Fig. 377, 378. 
Spontaneous polarization : Fig. 379. 



Magnetic susceptibility: Fig. 380. 
f*tt « 5.92 p B ; ®p roai rn = -370 °K. 



68N1 



65S17 



68N1 



68N1 



Nomura 
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RgurenS.285 II 1 Oxide des Perow skit-Typs 

| Nr. lB3-xiii PKCo^ Ta^O, 

| Nr. lB3-xiv PbQf^T a^Q, 

la I Dielectric anomaly in PbfYb^Ta^JO, was reported by Isupov and Kranik in 1964 

b phase u j 



5a 



state 



crystal system 



e 

a = 



(A) 



monoclinic 



cubic 



280, 285») °C 
4.154 A, b = 4.108 k, p = 90° 30' at RT. 



Thermal expansion: Fig. 381. 
Dielectric constant: Fig. 382. 



65S17 



6416 



*)65K9 



• lB3-xv Pb(Lu l/2 Ta l/2 )Q 3 

f^yftum^ 7 ^ Pb ( Lu ^ Ta ^)°3 ^ found by Smolbnskii and Agrakov- 
phase n 



state 



crystal system 



(A) 



monoclinic 



cubic 



0 280 °C 

a = 4.153 k,b = 4.107 A, & = 90° 30' at RT. 
Lattice distortion : Fig. 383. 
Thermal expansion: Fig. 384. 



Dielectric constant: Fig. 385. " " ' " ~ — 

lB3-xvi Pb(Fe l/a W l/g )Q 3 
iT*T ° f Pb(F ^ W ^°3 Perovskite structure was reported by Wv- 
ott^%^ ieM COnfirmed P-ence of the spinel phase in a sample 



58S3 



65K9 



lB3-xvii PbCLi^Nb^JQ, and sister crystals 



luU ^ TTn Vm SS C ° m P° Unds containin g » synthesized : 
Pb^Nb^W^O, Pb^Mn^Nb^O, Pb(Co 1/4 Mn l/4 W l/8 )0 1 

Pb(M gl/4 Mn l/4 Ta l/t )0, 
Pb(Mg 1/4 Mn l/4 W l/2 )0, 



x x/« i/4"1/j;v/j 

PbfMg^Mn^Nb^O, 
PbfCo^Mn^Nb^JO, 
PbfNi^Mn^Nbj/JO, 



Pb(Ni 1/1 Mn l/l W 1/2 )O i 
PbfCd^Mn^W^JO, 
PbfSc^Cr^Nb^JO, 



| Nr. 
la 

b 



1B4-1 PKMg^Nb^ O, 

■JSSS«S r fa Pb(Mg ^ Nb ^°» was hovered by Smo^nskh and Agkanov- 



phase 


II 


I 


[ state 


F 


P 


crystal system 




cubic 


space group 




Pm3m-0£ 


e 

Q » 8.12- 10 3 kg 
Transparent, pal 


265») <>K 

m-», a = 4.04 A at RT. 
e yellow. 
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58S3, 59S6 



61 B5. 60S7 
*)67B9 

67B18 



Nomura 



II 1 Perovskite-type oxides 



Figures p. 285 ff. 



2a 


Crystal growth: Flux method (using PbO). 
Kyropoulos method. 


59M5 
67B18 


3 


Crystal structure: Disordered perovskite. 


61B5 


4 


Thermal expansion: Fig. 386. 




5a 


Dielectric constant: Fig. 387, 388, 389. 




b 


Nonlinear dielectric properties: E = [(T — & v ) foC) -1 ] P + £P 3 + CP 5 + 
where 6> p - 265 °K, C = (3.7 ± 1.0) • 10 s °K, and f ^ 5.6 • 10 8 V m 6 C" 8 . 


67B9 


c 


Spontaneous polarization and coercive field : Fig. 390. 




7a 


Piezoelectricity 


Fig. 391. 






9a 


Refractive index: n = 2.56 for 6328 A at 299 °K. 

Birefringence: It was found that the crystals Pb(Mg 1 /,Nb 2 / 3 )0 8 behave like optically 
isotropic crystals. An applied electric field causes double refraction. Fig. 392. 


67B9 


e 


Quadratic electrooptic effect 
for 6328 A at 299 °K. 


: M n - M 1Z = +0.015 m* C~ 2 , M u = +0.008 m* C" 2 


67B9 


14a 


Domain structure: Clear domains were observed only in very thin wafers fe. er. 
20 10~«m). V 


61B5 


Nr. lB4-ii Pb(2n l/3 Nb 2/3 )0 5 






la 


Ferroelectric Pb(Zn l/s Nb 2/s )0 8 crystal was synthesized by Bokov and Myi/nikova 
in 1960. 


SOB 7 


b 


phase 


II 


I 






state 


F 


P 






crystal system 




cubic 


60B7 




0 


140 °C 




a = 4.04 A at RT. 
light yellow. 






2a 


Crystal growth : Flux method with PbO. The crystals were separated from the matrix 
solution by washing in acetic acid at RT for a long time. 


60B7 


5a 


Dielectric constant : Fig. 393. 






Nr. lB4-iii PbCCd^Nb^Oa 






lb| 


Dielectric anomaly in Pb(Cd 1 / 3 Nb 2 / 3 )0 3 was reported by Venevtsev et al. in 1966. 


65 T5 t 66 V 5 


Nr. lB4-iv PbCCo^Nb^Os 






la 


Ferroelectricity 


in PbfCo^sNb^jJOjj was found by Bokov and Myl'nikova in 1960. 


60B7 


b 


phase 


II 


I 






state 


F 


P 






crystal system 




cubic 


60B7 




space group 




Pm3m-0£ 






e 


-98 °C 






a = 4.04 A at RT. 
brown. 






2a 


Crystal growth: Flux method with PbO. 


60B7 


! 5a 


Dielectric constant: Fig. 394. 
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Figuren S. 287 
Nr. 1B4-V Pb(Ni l/3 Nb 2/3 )0 3 



II 1 Oxide des Perowskit-Typs 



j la 


SSffig? iD ^/^W was discovered by Smouskskh and Acranov- 




1 k 


phase 


II 


I 


58S3 59<v< 




state 


F 


P 






crystal system 




cubic 






space group 




Pm3m-0£ 








153 °K 






a = 4.03 A at RT. Q = 8.55 
yellowish green. 


10 3 kg m~ 3 . 


59M5 i 


[2a 


Crystal growth : Flux method with PbO. 


59M5 I 


[3 


Crystal structure 


. Disordered perovskite. 


59M5 


4 

■ 5a 


Thermal expansion : Fig. 395. 




61B5 I 


Dielectric constant: Fig. 396, 397, 398. 




9a 


Birefringence: Fig. 399. 





| Nf - lB4-vi Pb(Mg l/3 Ta 2/3 )0 3 

-rroeiectncrty in PbfMg^Ta^O, was found by Bokov and Mv L Wov A in 1960 

phase 



state 



crystal system 



space group 



II 



2a 



5a 



B 

a = 4.02 A at RT. 
light yellow. 



cubic 



SOB 7 



-98 



Crystal growth: Flux method with PbO. 



Crystal structure: Disordered perovskite. 



Dielectric constant: Fig. 400. 
lB4-vii Pb(Co l/3 Ta 2/3 )0 3 



6 OB 7 



60 B 7 



60B7 



2a 



phase 


II 


I 


state 


F 


P 


crystal system 




cubic 


space group 




Pm3m-OJ 



a = 4.01 A at RT. 
brown. 



-140 



60B7 



60B7 



Crystal growth: Flux method with PbO. 



Crystal structure: Disordere d perovskite. 
Dielectric constant: Fig. 401. 



60B7 



60B7 
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II 1 Perovskite-type oxides 



Figures p. 287 ff. 



Nr. lB4-viii Pb(Ni l/3 Ta 2/ 3)0 3 


la 


Ferroelectricity in PtyNij/jTa^Oa was found by Bokov and Myl'nikova in 1960. 


out* 7 


b 


phase 


II 




I 










state 


F 




P 










crystal system 






cubic 






60S 7 




space group 




Pm3m-0£ 










© 


-180 


°C 










a = 4.01 A at RT. 














green. 














2a 


Crystal growth : 


Flux method. 








U U£J / 


3 


Crystal structure : Disordered perovskite. 


60B7 


5a 


Dielectric constant : Fig. 402. 












Nr. lB5-i Pb(Mn 2/3 W l/3 )O s 












la 


Dielectric and magnetic anomalies in Pb(Mn 2/3 W l/3 )0 3 were reported by Roginskaya 
et al. in 1965. 


65R5 


b 


phase 


Ill 




II 




I 






state 


(A), (A macn 


) 


(A), Pmafn 


P P 






crystal system 




monoclinic 


cubic 


65R5 




e 




203 


473 °K 






a = c = 4.098 A, 6 = 4.014 A, /3 


= 90° 23' at RT. 




5a 


Dielectric constant : Fig. 403. 




10 


a = 2- lO 11 ^ 1 












65R5 


11 


Magnetic susceptibility: see Fig. 403. 
^pmam ~ 75 K. 








Nr. 1B5-U Pb(Fe 3/3 W l/3 )0 3 












la 


Ferroelectricity 


in Pb(Fe 2/8 W 


l/3 )O s was discovered by Smolenskii et al. in 1959. 


59S7 


b 


phase 


III 




II 




I 






state 


F, A ma p n 


P A 


P P 






crystal system 




cubic 


cubic 


62 B 7 




e 


178 


363 


°K 






a = 4.02 A at RT. 










ASMS 


2a 


Flux method (PbO). 


62 B 7 


5a 


Dielectric constant : Fig. 404. 




11 


Magnetic susceptibility: see Fig. 404. 

Magnetization is a linear function of the magnetic field intensity up to 8000 Oe. 
Effective magnetic moment: 4.2 p B . 


62B7 


12b 


ESR: Fig. 405. 














1C Solid solutions with perovskite-type oxides as end members 




Nr. lC-al NaNbO s -KNb0 3 












lb 


Phase diagram: Fig. 406, 407, 408. 
Lattice parameters : Fig. 409. 




5a 

i 


Dielectric constant: Fig. 410; see Tab. 60. 
,Polarization and coercive field: Fig. 411. 






Transition energy: Tab. 59. 




7a 


Electromechanical properties: Fig. 412 • - 


417; Tab. 60. 
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II 1 Oxide des Perowskit-Typs 



Tab. 59. (Na^KJNbO,. Transition energy AQ m 



X 


Lower phase 
change 


Upper phase 
change 


100 (KNbO,) 
0.10 

0 (NaNb0 3 ) 


85 cal/mole 
20 cal/mole 


190 cal/mole 
60 cal/mole 
50 cal/mole 



Nr. lC-a2 NaNb0 3 -NaTa0 3 lb 



Tab. 60 (Nao. 5 K 0 )Nb0 3 (ceramics). Electric and I 
electr omechanical constants. [59Ef] 

Dielectric constant (100 kHz) 
Dissipation factor (100 kHz) 
Specific resistivity o 
Density Q 

Poisson's ratio (assumed) 
Coupling factor k p 
Frequency constant f R r 
Mechanical 0 mech (radial) 
Young's modulus £ 
Piezoelectric constant — d„ 
Piezoelectric constant —g 
Piezoelectric constant di~ 31 
Piezoelectric constant g* 
Coupling factor ** 33 



290 

~4.0% 

4.25 • 10 3 kg m-s 
0.27 * 
0.34-- -0.39 
1.67 kHzm 
130 

1.04- 10 ll Nm-3 
32- 10- 12 CN-i 
12.6 • 10~» m 1 C-i 
80- 10~ 12 C N-i 
31.5 • 10-» m*C-» 
0.51 



4 

5a 
9a 



Phase diagram: Fig. 418. 
Lattice parameters : Fig. 419. 



Thermal expansion : Fig. 420. 



Dielectric constant: Fig. 421 



Nr. lC-a3 NaNbO 3 -NaSb0 3 
Nr. lC-a4 KNb0 3 -KTa0 3 



Birefringence : Fig. 422 



la | Curie temperature: Fig. 423. 
Phase diagram: Fig. 424, 425. 



1 

5a 



Dielectric properties: Fig. 426 427 
6> f : see Tab. 61. 



Thermal properties: Fig. 428; Tab. 61. 



See !C-a5 for optical properties of K(Ta 0 , 1B Nb b . iB )O, (KTN). 



2£t 6 !i K(N ^ Ta *)°3- L: latent heat, B t : Curie 
JUT' k rp'^ m n the f °™ ula for free energ? = 







[59H1] 




X 


L 

cal mol- 1 


S t 

°K 


A 

10 5 °K~ 1 


10~« C m-2 


0 

0.06 
0.12 
0.18 


no ± 10 
46 ■ ± 4 
10 ± 2 
4.0 ± 2 


679 
656 
623 
591 


2.6 
2.7 
2.85 
3.05 


27 

17.7 
7.9 
5.1 



Nr. !C-a5 K(Ta 0 . 3S Nb 0 . 65 )O 3 (KTN) 

For general properties of KNb0 3 -KTa0 3 see lC-a4. 

9b J Electroreflectance: Fig. 429. 
d I Faraday rotation: Fig. 430. See also Tab. 44. 



Nr. !C-a6 CaTi0 3 -SrTi0 3 



Nr. lC-a7 CaTi0 3 -BaTi0 3 



lb 

~5aT 
c 

lb 

IT 



Phase diagram: Fig. 431, 432, 433. 
lattice parameters: Fig. 434. 



Dielectric constant: Fig. 435, 436. 
Spontaneous polarization: Fig. 437 

Phase diagram: Fig. 438, 439, 440. 
lattice parameters : Fig. 441. 



Dielectric constant: Fig. 442, 443. 



Thermal conductivity: Fig. 444. 



Electromechanical nronftrtv* T a K e_ t?- 7~ZT~ — — 



II 1 Perovskite-type oxides 



Figures p. 295 ff. 



Tab. 62. (Baj_ x Ca x )Ti0 3 (ceramics, pure BaTiO s base). d si and d zs at RT. [57B4] 



X 


Q 

10 s kg m-s 


Qx 

10»kgm-* 


lO-^CN- 1 


^33 

lO-^CN" 1 




Porosity 

(i ~ telex)) 


0 


5.85 


6.017 


-97.5 


229 


2.35 


0.028 


0.05 


5.70 


5.85 


-66.6 


167 


2.51 


0.026 


0.07 


5.68 


5.80 


-58.0 


150 


2.58 


0.021 


0.09 


5.65 


5.74 


-52.1 


139 


2.67 


0.016 


0.12 


5.55 


5.66 


-43.4 


124.5 


2.88 


0.019 



Nr. lCa8 CaTi0 3 -PbTiO s 



Nr. lCa9 SrTi0 3 -BaTi0 3 



lb 



lb 



5a 



6a 



Curie temperature: Fig. 445. 
Lattice parameter: Fig. 446. 

Phase diagram : Fig. 447 - ■ - 450. 

Lattice parameter: Fig. 451; see Fig. 448. 



Dielectric constant: Fig. 452. 
Microwave dielectric loss: Tab. 63. 



Specific heat: Fig. 453. 



10b Conductivity associated with doping: Fig. 454, 455, 456. 

tan 6 = ot -f pT +yT z . 



Tab. 63. (Ba^SrJTiOj. Dielectric loss : a, p, y at 20 GHz. {62R4\ (T - @ p ) 



Sample 


Heat treatment 


Grain 
size 
A* 


0p 

°K 


a 

°K 


/M0* 


rio« 
Ck)-i 


Polycristalline 


SrTiO s 


Hot pressed and fired in 


1 


37 


0.33 


7.7 


4.3 




air at 900 °C for 10 h 
















Refired at 1200 °C in air 


3 


37 


0.26 


5.5 


4.7 






for 10 h 
















Refired at 1400 °C in air 


15 


37 


0.17 


4.4 


4.2 






for 10 h 
















Refired at 1500 °C in O a 


30 


37 


0.08 


4.5 


3.7 






for6h 














Bao. 2 Sr 0 . 8 Ti0 3 


Hot pressed and fired in 


30 


105 


0.6 


9 


2.5 




0 2 at 1500 °C for 10 h 














Ba 0 . 5 Sr 0 . 5 TiO 3 


Hot pressed and fired in 


30 


218 


2.0 


(9)^) 


(2.5) 




0 2 at 1500 °Cfor 10 h 














Bao.ySro.jTiOs 


Ceramic fired to 1375 °C 


8 


280 


2.2 


(9) 


(2.5) 




in air for 1 h 










Bao. 8 Sr 0 . 2 Ti0 3 


Ceramic fired to 1300 °C 


8 


324 


1.6 


(9) 


(2.5) 




in air for 1 h 








Single crystal 


SrTi0 3 


None 


oo 


37 


0 


6.53 


2.54 


SrTiO 3 -|-0.1% Gd 3 + 


None 


oo 


37 


0.033 


(6.53) 


(2.54) 




SrTiO 3 +0.03%Fe 3 + 


None 


oo 


37 


0.043 


(6.53) 


(2.54) 



Nr. lC-alO SrTi0 3 -PbTi0 3 



lb 



Nr. lC-all BaTi0 3 -PbTi0 3 



5a 
~6a~ 

lb 



Curie temperature : Fig. 457. 
Lattice parameter: Fig. 458.' 



Dielectric constant: Fig. 459. 
Curie constant : Fig. 460. 



5a 



6a 



16 



Transition heat: Fig. 461. 



Phase diagram : Fig. 462. 
Lattice parameter: Fig. 463. 



Dielectric constant: Fig. 464. 



Specific heat: Fig. 465. 
Transition heat: Fig. 466. 



Electromechanical properties: see 1A-8. 



Radiation damage: Fig. 467. 



*) Values in parentheses indicate that these values were assumed in order to determine ot. 
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Figuren S. 299 ff. 

I Nr. lC-al2 CaZr0 3 -BaZr0 3 
Nr. lC-al3 CaZr0 3 -PbZrO a 

I Nr. lC-al4 Sr2r0 3 -PbZr0 3 



II 1 Oxide des Perowskit-Typs 

lb | Lattice parameter: Fig. 468. 
Phase diagram: Fig. 469. 



lb 



Thermal expansion: Fig. 470. 



5a Dielectric constant: Fig. 471. 
lb 



5a 

c 

~6a~" 



Phase diagram : Fig. 472, 473. 
Lattice paramete r: Fig. 474. 

Thermal expansion: Fig. 475, 476, 477; Tab. 64. 
Dielectric constant: Fig. 478, 479. 
Polarization: Fig. 480. 



Specific heat: Fig. 481. 
Transition heat: Tab. 65. 



Tab. 64. PbZrO,. (Pb^Sr^ZrO,. and I (Pb 0 Ba 0 . 07S ,ZrO 3 . AK/V. A V : anomalous volume change at I 

1 the transition point. [54S2] s i 



Composition 


AV/V 
Lowest phase 


Intermediate phase 


PbZrO s 

(Pb 0 . 925 Ba 0 . 075 )ZrO 3 
(Pb 0 ., 5 Sr 0 . 05 )ZrO 3 


-41 at 230 °C 
-43 at 150 °C 
-30 at 210 °C 


-f 24 at 190 °C 
-20 at 230 °C 



Tab - 65 ' Pt >Zrt),. (Pb.. w Sr, 05 )ZrO 3 ,and (PtwBa^ZrO,. J0 m . L S2S2] 



Composition 



PbZrO a 

( p b 0 . 925 Ba 0 . 075 )ZrO 3 
(Pb 0 . 95 Sr 0 . 05 )ZrO 3 



Lower transition 



AQ m [cal mol- 1 ] 



190 
180 



Upper transition 



440 

230 
230 



Nr. lC-al5 BaZr0 3 -PbZr0 3 



lb 



5a 

c 



8 



Phase diagram: Fig. 482. 
Lattice parameter : Fig. 483. 



Thermal expansion : Fig. 484. 



Dielectric constant: Fig. 485 
Coercive field : Fig. 489. 



488. 



Nr. lC-al6 CaHf0 3 -PbHf0 3 

I Nr. !C-al7 SrHf0 3 -PbHf0 3 

Nr. lC-al8 BaHf0 3 -PbHf0 3 
[ Nr. lC-al9 CaSn0 3 -SrSn0 3 
! Nr. lC-a20 BaSn0 3 -SrSn0 3 
Nr.lC.a21 BaSn0 3 -PbO:Sn0 3 

Nr. lCa22 CaTi0 3 -CaZr0 3 
76 



Elastic properties : Fig. 490. 

_lb J Phase diagram: Fig. 491. 
5a I Dielectric constant: Fig. 492. 



lb 



5a 



Phase diagram: Fig. 493. 



Dielectric constant: Fig. 494. 

lb J Phase diagram: Fig. 495. 

lb I Lattice parameter: Fig. 496. 

lb I Lattice parameter: see Fig. 496. 

lb j Phase diagram: Fig . 497. 
5a I Dielectric constant: Fig. 498. 

lb I Lattice parameter: Fig. 499. 
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Figures p. 306 ff. 



TMr !C-a23 BaTiO,-BaZr(X 


lb 


Phase diagram : Fig. 500. 
Lattice parameter: Fig. 501. 






2a 


Phase diagram: Fig. 502. 




5a 


Dielectric constant: Fig. 503. 




8a 


Elastic property: Fig. 504 




Nr. lC-a24 BaTi0 3 -BaHf0 3 


lb 


Phase diagram: Fig. 505. 
Lattice parameter: Fig. 506. 






5a 


Dielectric constant: Fig. 507. 




Nr. lC-a25 BaTi0 3 -BaSn0 3 


lb 


Phase diagram: Fig. 508. See also 




2a 


Phase diagram: Fig. 509. 




4 


Thermal expansion: Fig. 510. 




5a 


Dielectric constant: Fig. 511. 




Nr. lC-a26 BaTi0 3 -BaU0 3 


lb | 


Lattice parameter: Fig. 512. 





5912 



Nr. lC-a27 PbTi0 3 -PbZr0 3 

Pb(Zr x Ti 1 _ x )O a with x = 0.5 
electric materials, see lC-a28. 



•0.6; for electromechanical properties of these very important piezo- 



la 


Ferro- and antiferroelectric phase transitions in the PbTi0 3 -PbZr0 3 system were 
revealed in 1952 by Shirane, Suzuki and Takeda. 


52S6 % 52S4, 
52S3 


b 


Phase diagram at high temperature: Fig. 513. 
Phase diagram: Fig. 514, 515. 
Lattice parameter: Fig. 516, 517. 




~2~ 


Flux method : 


6211, 64F6, 
67F7 


4 


Lattice distortion: Fig. 518a, b, 519. 
Thermal expansion: Fig. 520, 521, 522. 




5a 


Dielectric constant: Fig. 523 526. 




c 


Spontaneous polarization: Fig. 527. 
Critical field: Fig. 528. 




6 


Specific heat: Fig. 529, 530. 
Transition energy: Tab. 66. 




7 sl 


Electromechanical properties: see lC-a28. 




9 


Birefringence: Fig. 531a, b, c. 




16 


Radiation damage: Fig. 532. 





Tab. 66. Pb(Zr-Ti)0 8 . Transition energy and entropy. [53S1]. x: atomic per- 
cent of PbTi0 3 ; dG/dx: shift of the transition temperature with x\ ^(dfjdx): 
it may be assumed that the free energy should decrease with the rate of dS\d&\dx) 

with increasing x. 



Kind of the 
phase change 


e 

°C 


cal mol -1 


cal mol- 1 °K" 1 


dBldx 


dS(d@/d*) 


A a -P a 

A a — Ayy 
Aa-F a 

A^-F a 


230>T>225 
; 225 

230 

240 

217 


400 
110 

290 

250 
40 


0.8 

0.22 

0.58 

0.51 
0.08 


-16 
- 4 
-19 
+ 1.0 


(-5-8) 
-3.5 
-2.3 

+0.5 
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Figuren S. 312 ff. 



II 1 Oxide des Perowskit-Typs 



S -n" 428 , Pb(Zt * Ti >->°' <* = 0 5 • • lead zirconate-titanate) 

For general properties of PbTi CyPbZrO, see 1 C-a27. 

feoSrcera^Tn 2 W4 < ^S^£Sf ,ta ? Pjn? ,ectric ^rmances of 
by Clevite Con^ora^^Cleveiand QMo uIa °' th,S Substance devel °P*d 



Dielectric con stants: Fig. 533 and Fig. 539, 540. 541. 5 43 m " 



— X 0 , ^ ^Tl, JTJ, 

Fig^T 6 - 54^ Tag^g, fef?*& ; Tab - 67 = Hg- «4 

Electrical conductivity: see 
For breakdown, see 



•538; Tab. 68 ••• 72* 



S4J1 



63G1 t 61S14 
59G2 



Tab 67. PbtTi^ Q, = 0.48 ^ 0.60] (ceramics). Electromechanical ^n,, »r [60BJ] 

r/Ti I ' — — — „ J 



I 2r/Ti I 
I atom h 31 
I ratio I 


*p 




*33 




x n 




obs 


calc 


48/52 |0.170 
50/50 0.230 
52/48 0.313 
54/46 0.280 
56/44 0.267 
58/42 0.254 
60/40 0.238 


0.289 
0.397 
0.529 
0.470 
0.450 
0.428 
0.400 


0.408 
0.504 
0.694 
0.701 
0.657 
0.646 
0.625 


0.435 
0.546 
0.670 
0.626 
0.619 
0.607 
0.585 


663 
855 
1180 
990 
840 
751 
672 


551 
631 
612 
504 
477 
437 
410 | 


666 

846 

730 

450 

423 

397 1 

376 | 


540 
585 
399 
253 
246 
243 
240 


537 
585 
389 
268 
258 
246 
245 


1 1 




S 33 


5 33 


S E 


s D 

S A4 


Ha 


s s 

*12 


S 12 



10" 12 m 2 N" 1 



48/52 


10.8 


10.5 


50/50 


12.4 


11.7 


52/48 


13.8 


12.4 


54/46 


11.6 


10.7 


56/44 


11.0 


10.2 


58/42 


10.5 


9.85 


60/40 


10.4 


9.75 



10.9 
13.3 
17.1 
14.8 
14.0 
12.8 
12.05 



8.83 


28.3 


23.6 


9.35 


32.8 


24.5 


9.35 


48.2 


25.0 


9.0 


45.0 


22.9 


8.65 


39.8 


22.6 


8.10 


37.7 


21.9 


7.92 


36.9 


22.5 



28.3 
32.9 
38.4 
29.9 
28.4 
27.1 
26.7 



-3.66 


-3.21 


-2.40 


-4.72 


-4.22 


-2.60 


-5.38 


-5.80 


-2.56 


-4.24 


-4.97 


-2.68 


-4.01 


-4.63 


-2.57 


-3.75 


-4.12 


-2.33 


-3.55 


-3.72 


-2.17 



48/52 I 
50/50 
52/48 ; 
54/46 
56/44 
58/42 
60/40 



1- £31 


£33 




£33 ~ £31 


^31 


d 33 




^33-^31 


*8+*8 


10- 3 m 2 C- 1 


10~ 12 CN- 


1 


10-12 

m* N-i 


- 7.3 
I - 9.35 
-14.5 
-15.1 
-14.5 
-13.9 
-13.3 


18.7 
23.1 
34.5 
38.1 
37.8 
36.7 
35.2 


28.4 
33.2 
47.2 
50.3 
48.0 
48.8 
49.3 


26.0 
32.4 
49.0 
53.2 
52.3 
50.6 
48.5 


43.0 
70.0 
93.5 
60.2 
54.3 
48.9 
44.2 


110 
173 
223 
152 
142 
129 
117 


166 
251 
494 
440 
357 
325 
293 


153 
243 
316 
212 
196 
178 
161 


24.1 
26.2 
26.9 
25.1 
24.0 
22.6 
22.0 



48/52 
50/50 
52/48 
54/46 
56/44 
58/42 
60/40 



I £?raech 


Qe 

( = V 
tan 6) 


P 


C 33 








5 13 


10-2 
Cm- 2 


10 10 

Nm-2 




*fi 




r A 33 5 ll 


1170 

950 
860 
680 
490 
500 
600 


380 
370 
360 
300 
190 
200 
210 


17 

27 

36 

42.5 

48 

43 

33 


14.0 
13.5 
13.4 
14.8 
15.3 
15.8 
15.6 


0.310 
0.328 
0.295 
0.288 
0.293 
0.292 
0.285 


0.349 
0.404 
0.434 
0.396 
0.394 
0.381 
0.365 


, 0.296 
0.329 
0.376 
0.380 
0.373 
0.355 
0.332 


0.250 
0.249 
0.238 
0.273 
0.274 
0.261 
0.247 
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Figures p. 313 ff. 
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Tab. 68. (Pb^Sr.,) (Zr^Ti^Oj and (Pbj^Ca,) (Zr^TipJO, (modified ceramics). 

Sr on electromechanical properties. [59K4~\ 



Effects of Ca and 



Intended composition 


Qa. 

1 AS 

kgm~ s 


X 

1-4- 

at 
1 kHz 


24 hours after poling 


e t 

°C 


at 
1 kHz 


tan d 
%at 
1kHz 


p 


^31 

10- 12 

CN" 1 


£31 

io- s 


(sfi)" 1 
10 10 
Nm- 2 


Pb(Zr 0 . w TV 47 )O 3 


7.40 


736 


D*t*T 


ft c 


ft Aft 


71 
/ 1 


1A 7 


7 <7 


385 


Pb(Zr 0 ^Tio. 47 )0 8 


7.39 


707 


<*A9 
J*tZ 


ft A 


ft A7 


OV 


1A A 


7 7£ 
/. /O 




Pbo.wCao.o^Zro^Tio^^Os 


7.42 


729 


£9A 
OZ*f 


KJ.D 


ft AO 


77 


1^0 
I J.V 


7 QO 




Pb 0<99 Sr 0 . 01 (Zr 0 w Tio. 47 )0 3 


7.42 


755 


CftA 

JOT 


u.o 


ft AO 


7*; . 
/ J * 


1A C 

l*h J 


7 iCQ 

/.Go 




Pb 0 .ajCaQ 05 (Zr 0 ^Tio >47 ) O s 


7.26 


832 


J ID 


ft K 


ft AA 


ft ft 


1ft 9 


7 A9 

/.oz 




Pbo^sSro.o^Zro^Tifl^JOs 


7.47 


920 


1 AA9 


ft A 


ft ca 


1ft1 


1 1 A 


7 AC 
/.CO 


360 


Pb 0 9£ Cao i0S (Zr 0 ^Tio^Oj 


6.86 


794 


ftftft 
000 


ft /I 


ft "*9 
U. JZ 


Aft 
OU 


7 A 
/.O 


7 QC 




Pt*0 .925 Sr 0 .07s(2 r 0 .5*1^ .4 7 ) 0 3 


7.29 


942 


1 AGA 


ft 1 
U.J 


ft CA 
U. JU 


1 ftl 
IUj 


1 ft A 
1U.0 


7 G/t 

/.V4 




Pbo.goSro.jotZro.^Tio^yJOs 


7.22 


997 


1 1 90 
1 1ZV 


ft ^ 
U. J 


ft AO 


1 ft** 

iuj 


1ft 
1U. J 


7 0£ 


290 


P^O .875 S F 0 .125 (^ r 0. 47^10 .53) O3 


7.09 


609 


OOJ 


ft 1 
U.J 


ft 90 
U.Zo 


Aft 
4U 


o.o 


O 01 




P^O .875 Sr 0 ,125 (^ r 0 JbO^h .5o) ^3 


7.11 


813 


00U 


a 1 
U.J 


ft ^ 
U. 


C7 

J / 


7 i 

i.j 


O AC 

v.ud 




P^O .875 ^0 .125 (^ r 0 .62^10.4 8) C*3 


7.10 


973 


1 1 40 


V.J 


0.44 


01 


9.0 


8 ^9 

O. 




Pko.875Sr 0 .125 (^ r 0 .63^^.47) 0 3 


7.14 


1076 


1237 


0.4 


0.47 


100 


9.1 


8.06 


265 


Pbo.875 Sr 0 125 (Zro^Tio^) O s 


7.16 


1095 


1325 


0.6 


0.51 


119 


10.1 


7.51 




Pbo .876 Sr 0 ^ (Zr 0 >M Tio 44 ) O s 


7.14 


1105 


1210 


0.4 


0.51 


116 


10.8 


7.31 




Pbo.875Sr 0 m (Zr 0 .59Tio. 4 i)0 3 


7.17 


919 


585 


0.4 


0.45 


66 


12.7 


8.39 




Pb,. 8S Sr 0 . u (Zr 0M Ti )) . 47 )Oj 


6.90 


1106 


1260 


0.5 


0.43 


97 


8.7 


7.68 


242 


Pbo.MSro.^Zr.^TV.oJO, 


6.56 


941 


970 


0.6 


0.29 


56 


6.5 


8.11 




Pb 0 .« ) Sr 0 . a) (Zr () .„Ti <M7 )O J 


6.48 


1212 


1257 


0.5 


0.34 


86 


7.8 


7.05 




Pb^WZro^Ti^O, 


6.36 


1182 


1341 


0.8 


0.35 


91 


7.7 


6.18 




Pb 0!0 Sr 0 . a) (Zr 9 . ts Ti <) . 45 )O, 


6.36 


1200 


1337 


0.8 


0.34 


86 


7.3 


6.42 




Pb 0J0 Sr 0 . !!(( (Zr o . 5 ,Ti <( . 44 )O, 


6.35 


1107 


1113 


0.7 


0.35 


81 


8.2 


6.50 





Tab. 69. Pb(Zr-Ti)0 3 (ceramics, modified). Electromechanical properties of PbfZr^Tio 46 )0 3 
five-valent additives. [59K5]. / R • r: radial frequency constant 



with 



Addition 
wt. % 



None 
None 
0.1 Nb 2 0 5 
0.5 Nb 2 0 6 
0.8 Nb 2 0 5 
1.0Nb 2 O 6 
l-0Nb 2 O 5 
1.2 Nb 2 0 6 
1.4Nb 2 0 6 
1.7Nb 2 0 6 
2.0 Nb 2 0 6 
0.5Nb 2 O 5 1 

0- 5La 2 O 3 ) 
1.0 Ta,O s 

1- 0Ta 2 "O 5 
2.0Ta 2 O 
2.0Ta 2 O 5 
2.5Ta 2 0 
5.0 TasO 



10 3 

kgm" 



7.41 

7.29 
7.26 
6.96 
7.36 
7.36 
7.60 
7.34 
7.37 
7.39 
7.37 

7.39 

7.31 
7.22 
7.49 
7.40 
7.23 
6.75 



Before poling 



x 
at 
1 kHz 



707 
706 
598 
732 
965 
1064 
1055 
1011 
1057 
1058 
1074 

1169 

989 
918 
1062 
1077 
959 
995 



tan <5 
%at 
1 kHz 



0.3 
0.4 
0.3 
2.1 
1.6 
1.8 
2.2 
2.0 
2.2 
2.0 
2.1 

2.1 

1.5 
2.0 
2.2 
1.8 
2.7 
2.5 



24 hours after poling 



x 
at 
1 kHz 



tan 6 
%at 
1 kHz 



Hz*m 



10- 12 

CN' 1 



537 
513 
508 
790 
1166 
1308 
1242 
1167 
1218 
1218 
1202 

1377 

1187 
1121 
1230 
1275 
1112 
1052 



0.4 
0.5 
0.4 
2.0 
1.5 
1.6 
2.2 
1.7 
1.9 
1.8 
2.0 

2.0 

1.5 
2.1 
2.1 
1.8 
2.4 
2.6 



0.49 
0.50 
0.38 
0.46 
0.48 
0.53 
0.54 
0.48 
0.50 
0.47 
0.50 

0.57 

0.49 
0.50 
0.50 
0.48 
0.36 
0.33 



1641 
1687 
1643 
1443 
1606 
1563 
1538 
1614 
1584 
1594 
1550 

1491 

1563 
1525 
1547 
1581 
1518 
1508 



71 
69 
54 
94 
105 
126 
125 
104 
113 
105 
115 

146 

111 
114 
115 
111 

82 
76 



61 

70 
69 



48 
61 



28 



390 
387 



361 

344 

369 

368 
364 



Ikeda 
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Figuren S. 313 ff. 
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Tab. 70. Pb(Zr-Ti)0 3 (ceramics, modified). Electromechanical properties of PbfZr Ti \n 

three-valent additives. [UkS], / e . r: radial ( Wlth 



Addition 
wt. % 



10 3 
kgm~ 3 



Before poling 



x 
at 
1kHz 



tan 6 
%at 
1 kHz 



at 
1kHz 



24 hours after poling 



tan S 



1 kHz 



Hzm 



a 31 
10-12 

CN-i 



None 
None 

i.oya 

1.0La 2 O 3 
1.0La 2 O 3 
1.0Nd 2 O 3 
1.0Nd 2 O 3 
1.0 didymia 
2.0 La 2 O s 
1.0 La^Oj, 
1.0 Nd 2 0 3 
0.1 La 2 O a 
0.2 La 2 O s 
0.4 La 2 0 3 
0.8 La 2 0 3 
1.0 I^O, 



7.41 
7.29 
7.26 
7.46 
7.47 
7.43 
7.37 
7.41 
7.49 
7.20 
7.35 
6.75 
6.45 
6.44 
7.19 
7.50 



707 
706 
796 
1187 
1139 
1111 
1101 
1122 
1296 
1375 
1362 
790 
686 
942 
1288 
1255 



0.3 
0.4 
0.9 
1.9 
2.2 
1.6 
1.9 
2.2 
2.6 
2.1 
2.2 
0.4 
0.7 
1.4 
1.8 
2.4 



537 
513 
841 
1483 
1387 
1395 
1354 
1341 
1545 
1792 
1776 
870 
735 
1100 
1682 
1532 



0.4 
0.5 
1.0 
2.0 
2.1 
1.8 
1.8 
2.2 
2.3 
1.7 
1.9 
0.6 
0.9 
1.5 
1.8 
2.4 



0.49 
0.50 
0.34 
Q.53 
0.52 
0.49 
0.48 
0.50 
0.51 
0.51 
0.49 
0.42 
0.37 
0.42 
0.49 
0.50 



1641 
1687 
1547 
1510 
1522 
1512 
1511 
1499 
1545 
1528 
1558 
1505 
1419 
1407 
1516 
1550 



71 
69 
66 
138 
130 
123 
119 
125 
132 
147 
136 
88 
78 
109 
139 
128 



390 
387 
374 

339 

348 



Tab. 71. Electromechanical properties of PbfZr, Ti )O a (ceramics), modified with additives of 1 wt% Nb 
I \59K5\. / R - r: radial frequency constant 



1 Base composition 


Qa 
10 3 

kgm" 3 


Before 


poling 


24 hours after poling | 


X 

at 
1kHz 


tan 6 
%at 
1 kHz 


X 

at 
1 kHz 


tan d 
%at 
1 kHz 


*p 


Hz-m 


10-12 

CN-i 


<2mech 1 



Pb(Zr 0 . 51 Ti 0 . 49 )O 3 
Pb(Zr 0 . 52 Ti 0>48 )O 3 
Pb(Zr 0 . 53 Ti 0 . 47 )O 3 
PbfZr^Tio.JO, 
Pb(Zr 0 . 55 Ti 0 . 45 )O 3 
Pb(Zr 0 . 56 Ti 0 . 44 )O 3 
Pb(Zr 067 Ti 043 )O 3 
Pb(Zr 0 . 58 Ti 0 . 42 )O 3 



7.38 
7.31 
7.39 
7.43 
7.44 
7.40 
7.38 
7.41 
7.41 



879 
975 
985 
1092 
1051 
955 
818 
750 
713 



1.5 
1.6 
1.5 
1.8 
1.8 
2.4 
2.8 
3.0 
3.0 



1041 
1188 
1200 
1371 
1296 
973 
745 
684 
630 



1.2 
1.3 
1.4 
1.4 
1.7 
2.0 
2.5 
2.5 
2.8 



0.42 
0.45 
0.45 
0.53 
0.54 
0.56 
0.53 
0.50 
0.49 



1696 
1642 
1640 
1547 
1549 
1524 
1601 
1636 
1676 



82 
97 
97 
130 
128 
117 
93 
82 
75 



81 
73 
76 
61 
62 
55 
56 
60 
62 



Tab. 72. 



Electromechanical Properties of (Pb 0 Sr ) (Zr^Ti^JO, (ceramics) with Nb A or Ta 2 0 6 - 
159K5\. / R • r: radial freauencv constant 26 



1 Addition 
wt. % 


e& 

10 3 
kgm~ 8 


Before poling 


24 hours after poling 




X 

i at 
1kHz 


tan <5 
%at 
1 kHz 


X 

at 
1 kHz 


tan 6 
%at 
1kHz 




Hz*m 


10- 12 
CN-i 


°C 


1 1.0Nb 2 O 5 
2.0 Nb 2 O s 
3.0 Nb 2 0 5 
2.0 Ta 2 O s 


7.34 
7.22 
6.63 
7.33 


1291 
1380 
1125 
1343 


2.0 
2.4 
2.1 
2.3 


1609 
1662 
1301 
1695 


2.0 
2.1 
2.1 
2.0 


0.56 
0.47 
0.36 
0.54 


1512 
1562 
1550 
1517 


153 
127 
91 
151 


306 
296 
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5> f 

'C 



.90 
.87 

m 

539 
348 



>/ 0 Nb. 



Qmech 

81 
73 
76 
61 
62 
55 
56 
60 
62 



TaA- 



0f 



II 1 Perovskite-type oxides 



Figures p. 315 ff. 
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Nr. lC-a31 PbZr0 3 -PbHfO s 
Nr. lC-a32PbZr0 3 -PbO:Sn0 2 

Nr. lC-a33 LaFe0 3 -BiFe0 3 

Nr. lC-bl NaNb0 3 -KTa0 3 

Nr. lC-b2 NaNb0 3 -KSb0 3 
Nr. lC-b3 BaTi0 3 -PbZr0 3 



5a I Dielectric constant: Fig. 558. 

lb | Phase diagram: Fig. 559. 

lb Phase diagram: Fig. 560. 

Lattice parameter: Fig. 561. 



5a 
lb 



Thermal expansion: Fig. 562, 563. 



5a 



11 

lb 



Dielectric constant: Fig. 564a, b. 

Phase diagram : Fig. 565. 
Lattice parameter: Fig. 566a, b. 



5a 



Dielectric const ant : Fig. 567. 
Magnetization: see Fig. 565. 

Phase diagram: Fig. 568. 
Lattice parameter: Fig. 569. 



Thermal expansion: Fig. 570. 



Dielectric constant: Fig. 571. 



la | Curie temperature: see Fig. 423. 



I Thermal expansion: Fig. 572. 

5a | Dielectric constant: Fig. 573. 



Nr. 1CM BaTi0 3 -PbO: Sn0 2 _lb I Phase diagram : Fig. 574. 

5a J Dielectric constant: Fig. 575. 



Nr. lC-b5 PbTi0 3 -CaZr0 3 lb 



Nr. lC-b6 PbTi0 3 -CaSn0 3 



Nr. lC-b7 PbTi0 3 -SrZr0 3 



Nr. !C-b8 PbTi0 3 -SrSn0 3 



Nr. lC-b9 PbTi0 3 -BaZr0 3 



5a 

lb 

~5aT 

lb 



Phase diagram : Fig. 576. 
Lattice parameter: Fig. 577. 



Dielectric constant: Fig. 578. 



Phase diagram: see Fig. 576. 
Lattice parameter: Fig. 579. 



5a 



lb 



Dielectric constant: Fig. 580. 

Phase diagram: Fig. 581. 
Lattice parameter: Fig. 582a, b. 



5a 



lb 



Dielectric constant: Fig. 583. 



Phase diagram: Fig. 584. 
Lattice parameter: Fig. 585a, b. 



Dielectric constant: Fig. 586. 



Phase diagram: Fig. 587. 
Lattice parameter: Fig. 588a, b. 




II 1 Perovskite-type oxides 



Figures p. 323 ff. 



Tab. 74. (1 - *)PbTi0 3 - *BaZrQ 3 (ceramics). A p and d n at RT. 



Nr. IC-blO PbTi0 3 -BaSn0 3 
Nr. IC-bll LaAl<VBiFe0 3 



Nr. IC-cl NaNb0 3 -CaTiO, 

Nr. 1C-c2 NaNbO s -BaTi0 3 
Nr. 1C-c3 NaNb0 3 -PbTi0 3 

Nr. 1C-c4 NaNbO r PbZrO s 

Nr. 1C-c5 KNb0 3 -BaTiO 3 

Nr. 1C-c6 KNb0 3 -PbTiO s 



X 


-Poling field 
• 10 5 V m- 1 
[T in °C] 




d 33 

* 10~ 12 C N" 1 


0.25 


29 


0.16 


40 


0.30 


[185- 40] 




27 


0.23 


50 


0.35 


[170 "-40] 




39 


0.30 


110 


0.40 


[145* - 40] 




30 


0.17 


45 




[120---40] 





163 B 15] 



! N*. 1C-c8 BaTi0 3 -LaA10 s 



lb | Phase diagram: Fig. 590. 

Lattice parameter: Fig. 591a, b. 



lb 



5a 



Phase diagram : Fig. 592. 
Lattice parameter: Fig. 593. 



Nr. 1C-M2 LaCr0 3 -BiFe0 3 lb 



11 



Dielectric constant: Fig. 594. 



Phase diagram: Fig. 595. 
Lattice parameter: Fig. 596a, b. 



Thermal expansion: Fig. 597. 



Spontaneous magnetization : see Fig. 595. 

lb I Phase diagram: Fig. 598. 
5a J Dielectric constant: Fig. 599. 

lb | Phase diagram: Fig. 600. 



lb 



Transition temperature: Fig. 601. 



5a Dielectric constant: Fig. 602. 
lb I Phase diagram : Fig. 603. 



5a J Dielectric constant: Fig. 604a, b. 

lb Phase diagram: Fig. 605. 

Lattice parameter: Fig. 606. 



5a 

lb 

la~ 



Dielectric constant: Fig. 607a, b, c. 



Phase diagram: Fig. 608. 
Lattice parameter: Fig. 609. 



Nr. 1C-c7 SrTi0 3 -BiFe0 3 lb 



5a 



Dielectric constant: Fig. 610a, b. 



Phase diagram: Fig. 611. 
Lattice parameter: Fig. 612. 



Relaxation phenomena are observed in the range II [65F1]. 



lb | Lattice parameter and Curie temperature: Tab. 75. 
Ikeda 
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Figuren S. 328ff. H 1 Oxid e des Perowskit-Typs 

Tab. 75. BaTiO a -I^A10 3 . Lattice parameters and 0 f . [5814] 



Concentration 
mol% 


a 


c 


c/a 


V 


0 f 


BaTi0 3 


LaA10 3 


A 


A 


A« 


°C 


100.0 
99.0 
97.5 
95.0 
92.5 
90.0 
87.5 
85.0 
75.0 


1.0 
2.5 
5.0 
7.5 
10.0 
12.5 
15.0 
25.0 
100.0 


3.9956 
3.9951 
3.9949 
4.0050 
4.0011 
3.9984 
3.9950 
3.9906 
3.9800 
3.7950 


4.0352 
4.0345 
4.0293 


1.0100 
1.0098 
1.0086 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.000 


64.42 
64.39 
64.30 
64.24 
64.05 
63.92 
63.76 
63.55 
63.04 
54.65 


4-120 
+ 87 
+ 46 

- 14 

- 85 
-133 



Nr. 1C-C9 BaTi0 3 -BiFe0 3 
Nr. lC-clO PbTi0 3 -LaA10 3 

Nr. IC-cll PbTi0 3 -LaMnO s 
Nr. 1C-c12 PbTi0 3 -LaFc0 3 

Nr. 1C-c13 PbTi0 3 -BiFe0 3 

I Nr. lC-cl4 PbZrO a -BiFeO s 

Nr. 1C-c15 SrSn0 3 -BiFe0 3 

I Nr. 1C-c16 SrFe0 3 -BiFe0 3 

! Nr. lC-dl SrTi0 3 -Sr<Fe l/2 Ta l/2 )0 3 
I Nr. lC-d2 BaTi0 3 -Ba(Fe l/2 Ta l/2 )0 3 
Nr. lC-d3 BaTi0 3 -(K l/2 Bi l/2 )Ti0 3 



12 j Fig l M™ pe ™ tUTe and ma ^ netic resonance line width: 



lb 



5a 



Phase diagram: Fig. 614. 
Lattice parameter: Fig. 615. 



Dielectric constant: Fig. 616. 



lb I Transition temperatures: Fig. 617. 
J Lattice parameters: Fig. 618. 



lb 



Phase diagram: Fig. 619. 
Lattice parameter: Fig. 620. 



Dielectric constant: Fig. 621. 

Phase diagram: Fig. 622a, b. 
Lattice parameter: Fig. 623a, b. 



lb 



5a 



Dielectric constant; Fig. 625. 

Phase diagram : Fig. 626. 
Lattice parameter: Fig. 627. 



Dielectric constant: Fig. 628. 
jj>l Phase diagram: Fig. 629. 



12c J Mossbauer absorption: Fig. 630. 
Jja I Unit cell volume: Fig. 631. 



11 I Magnetization: Fig. 632. 

lb | Phase diagram: Fig. 633. 

2b | Phase diagram: Fig. 634. 

lb I Curie temperature: Fig. 635. 
| Lattice parameters: Fig. 636. 



[ Nt ' 1C " d4 Wli °T<H* l ^yao, lb I Phase diagram and lattice parameters: Fig. 637. 



Nr. lCd5 PbTiCV^Bi^TiO, 
[ Nr. lC-d6 PbTiO^CU^La^TiO, 
84 



5a | Dielectric constant: Fig. 638. 
lb | Curie temperature and lattice parameters: Fig. 639. 
lb | Curie temperature and lattice parameters: Fig. 640. 
Ikeda/Nomura 



II 1 Perovskite-type oxides 



Figures p. 333 ff. 



Nr. lC-d7 PbTi0 3 -(Na l/2 La l/2 )Ti0 3 
Nr. lC-d8 PbTiO 3 -(Li l/2 Ce l/2 )Ti0 3 
Nr. lC-d9 PbTiOHLi^Nd^TiOs 
Nr. IC-dlO PbTi0 3 -Pb(M gl/2 W l/2 )0 3 

Nr. lC-dll PbTi0 3 -Pb(Fe l/2 Ta l/2 )0 3 
Nr. lC-dl2 PbTiOs-P^SCi/aNbi/JOg 
Nr. lC-dl3 PbTi0 3 -Pb(Mn l/2 Nb l/2 )0 3 

Nr. lC-dl4 PbZr0 3 -Pb(Sc l/2 Nb l/2 )0 3 
Nr. lC-dl5 PbZr0 3 -Pb(Fe l/2 T ai/2 )0 3 
Nr. lC-dl6 PbZr0 3 -(Na l/2 Bi l/2 )Zr0 3 

Nr. lC-dl7 PbZr0 3 -(K l/2 Bi l/8 )Zr0 3 



1 b | Curie temperature and lattice parameters : Fig. 641 , 

lb | Lattice parameters : Fig. 642. 

lb | Lattice parameters: Fig. 643. 

lb I Phase diagram: Fig. 644. 
I Lattice parameters : Fig. 645. 

lb | Curie temperature: Fig. 646. 

lb | Curie temperature : Fig. 647. 

lb I Transition temperature: Fig. 648. 
| Lattice parameters : Fig. 649. 

lb | Curie temperature: see Fig. 647. 
lb | Curie temperature: Fig. 650. 



lb 



Phase diagram: Fig. 651. 



Lattice distortion : Fig. 652. 



5a Dielectric constant : Fig. 653. 

lb Phase diagram: Fig. 654. 

Lattice parameters : Tab. 76. 



5a 



Lattice distortion: Fig. 655. 



Dielectric constants : Fig. 656. 



Tab. 76. (1 - *)PbZrO s - *(K l/2 Bi l/2 )ZrO s . Lattice 
constants at RT [62B10] 





a 


b 


c 




X 


A 


A 


A 




0 


5.884 


11.768 


8.220 


orthorhombic 


0.10 


5.882 


11.764 


8.227 


orthorhombic 


0.20 


5.877 


11.755 


8.237 


orthorhombic 


0.30 


5.876 


11.751 


8.248 


orthorhombic 


0.40 


4.151 






cubic 


0.50 


4.152 






cubic 



Nr. lC-dl8 PbHI0 3 -Pb(Sc l/2 Nb l/2 )0 3 

Nr. lC-dl9 Pb(Mg l/2 W l/2 )0 3 -Pb(Mg l/3 Nb 2/3 )0 3 

Nr. lC-d20 (Nai/gBi^TiOa-CK^Bi^TiO, 

Nr. lC-d21 PbZrO s -(Na l/2 Bi l/2 )Ti0 3 

Nr. !C-d22 BiFe0 3 -Sr(Sn 1 / 3 Mn 2 /j)0 3 

Nr. lC-d23 BiFeOj-PbCFe^Nb^O, 



lb | Curie temperature: see Fig. 647 
lb | Phase diagram: Fig. 657. 
lb 



lb 



lb 



Curie temperature : see Fig. 635. 
Lattice parameters : see Fig. 636. 

Phase diagram: Fig. 658. 
Lattice parameters : Fig. 659. 

Phase diagram : Fig. 660. 
Lattice parameters: Fig. 661. 



12c Mossbauer effect: see [65M8] 
lb Lattice parameters : Fig. 662. 



5a 



11 



Dielectric constant: Fig. 663. j 



Magnetic susceptibility : Fig. 664. 
N6el temperature and spontaneous magnetization 
Fig. 665. 



Nomura 



85 



Figuren S. 337ff. 
Nr. IC-el NaNb0 3 -LiNb0 3 

[ Nr. lC-e2 NaNbO s -NaVO s 

| Nr. lC-e3 NaNbO s -CaNb !l 0 9 

I Nr. !C-e4 NaNb0 3 -CdNb 2 0. 



II 1 Oxide des Perowskit-Typs 

lb I Phase diagram: Fig. 666. 



5a I Dielectric constant: Fig. 667. 
ja j Dielectric constant: Fig. 668. 



14b J Switching: see Fig. 9. 



lb j Phase diagram: Fig. 669. 
5a I Dielectric constant: Fig. 670. 



lb 



5a 



7a 



Phase diagram: Fig. 671, 672. 
Lattice parameter: Fig. 673. 



Dielectric constant: Fig. 674; T ab. 77. 
Piezoelectricity: Fig. 675; Tab. 78. 



Tab. 77. (1 - *)NaNbO, - (*/2)CdNb,0 .gLTL - capacitance ratio; C: Curie constant; €>,. 0 com- 



1 Compo- 


Firing conditions 






0 
°C 




°C 








1 sition 
1 x 


T 
°C 


/ 

hr 


atmos- 
phere 




r 




C 

•10*°C 


°C 


Q 

10 3 kg m~ a 


0.02 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 


1250 
1250 
1250 
1250 
1250 
1250 
1220 


2 


CdO 
CdO 
CdO 
CdO 
CdO 
CdO 
CdO 


230 
500 
1000 
1400 
2300 
3500 
2700 


1200 
130 
40 
20 
10 
12 


200 
60 
75 
50 
20 
5 

-25 


2700 
4000 
4100 
8500 
10000 
15000 
11000 


375 
375 
320 
285 
250 
220 
210 


12 
12 
18 
24 
14 
20 
20 


345 
345 
275 
260 
250 
230 
205 


3.9 
4.2 
4.3 
4.3 
4.4 
4.5 
4.6 



Tab - 78 ' f 1 - *)NaNb0 3 - (*/2)CdNb 2 0„ (ceramics) [62K4] 



X 


0.05 


0.10 


| 0.15 


| 0.20 


0.25 


0.30 I 


Q 


4.2 


4.3 


4 -3 


4.3 


4.4 


4.2 


10 s kg m- 3 


/R-2r 


3.0 


3.0 


3.0 


3.15 


3.36 


3.25 


10 3 Hz m 


*n 


11.9 


11.6 


. 11.6 


10.5 


9.0 


10.1 


10~ 12 m 2 N-i 


tan d 


0.01 


0.01 


0.02 


0.01 


0.01 


0.03 




x at B t 


4 


4.1 


8.5 


16 


13 


11 


10 s 



Nr. IC-eS NaNb0 3 -SrNb 2 0 6 

Nr. lC-e6 NaNb0 3 -PbNb 2 0 6 

| Nr. lCe7 CdTiO s -LiNb0 3 , CdTiO s -LiTa0 3 
I Nr. lC-e8 SrTi0 3 .Bi 2 0 3 - 3Ti0 2 

| Nr. lC-e9 BaTiO^BaNbaO, 

86 



lb 



5a 
7a 

lb 

~7a~ 



Phase diagram: Fig. 676. 
Lattice parameter: Fig. 677. 



Dielectric constant: Fig. 678. 
Electromechanical properties: Fig. 679, 680, 681. 

Phase diagram: Fig. 682. 
Lattice parameter : Fig. 683. 



Electromechanical properties : Fig. 684. 

,5a | Dielectric constant: Fig. 685. 

_tb| Lattice parameter: Fig. 686. 
5a | Dielectric constant: Fig. 687, 688. 

lb | Phase diagram: Fig. 689. 

Ikeda 



II 1 Perovskite-type oxides 



Figures p.341ff. 



Nr. lC-elO BaTi0 3 -BaTaj0 6 


lb 


Lattice parameter: Fig. 690. 




» 


Dielectric constant: Fig. 691. 


Nr. lC-ell BaTiOs-AjjBaO, 


lb 


Curie temperature : Fig. 692. 




5a 


Dielectric constant: Fig. 693 ••• 697. 


Nr. !C-el2 PbZr0 3 -PbNb 2 0 6 






For the solid solution with PbNb 8 O c as an end material see 5B-8. 




lb 


Phase diagram: Fig. 698. 




4 


Thermal expansion: Fig. 699. 




c 


-Lueiectric constant., .rig. /uu. 


Nr. lOelj FbZrtJ 3 -Irb la^KJ^ 


ID 


Phase diagram: Fig. 701. 




4 


Thermal expansion: see Fig. 699. 




5 


Dielectric constant: Fig. 702. 


Nr. IC-il CaTi0 3 -SrTi0 3 -BaTi0 3 


lb | 


Phase diagram : Fig. 703. 


Nr. lC-f2 CaTi0 3 -BaTi0 3 -PbTi0 3 


lb 


Phase diagram : Fig. 704, 705. 
Curie temperature : Fig. 706. 




7a 


Electromechanical properties: see Nr. 1A-8, 7a. 


Nr. 1C-B PbTi0 3 -PbZr0 3 -PbO:Sn0 2 


lb | 


Phase diagram: Fig. 707. 




8b 


Elastic properties: Fig. 708, 709. 


INT. rD llW 3 -ir DlTlIvj-Jr DW-oIiVJj 


1 h 
ID 


LJVfc n r%^\ /imm*nm " Li rv /ill 
X IldSC Uldtfl cilll . V lg . / 11/. 


"Mr lC-f5 PbTiO.-PbZrO--L.aFeO. 


lb 


Phase diagram: Fig. 711. 
Lattice parameters: Fig. 712. 


Nr. lC-f6 PbTi0 3 -PbZr0 3 -BiFeO, 


lb 


Phase diagram: Fig. 713. 
Lattice parameters: Fig. 714. 


Nr. IC-f? PbTi0 3 -PbZr0 3 -Pb(Mg l/3 Nb 2/3 )0 3 


lb 


Phase diagram: Fig. 715. 
Lattice parameters: Fig. 716. 




7a 


Electromechanical property: Fig. 717, 718. 


Nr. lC-f8 PbTi0 3 -PbZK) 3 -Pb(Fe V2 Nb^ 2 )0 3 


lb 


Lattice parameters: Fig. 719. 
Curie temperature: Fig. 720. 




7a 


Electromechanical property: Fig. 721. 


Nr. lC-f9 PbTiO r PbZr0 3 -AB0 3 


lb | Phase diagram: Fig. 722. 


Nr. lC-flO PbTi0 3 -SrTi0 3 -LaMn0 3 


lb | Curie temperature : Fig. 723. 


Nr. lC-fll PbTi0 3 -LaMnO 3 -LaMe0 3 (Me = 


Fe, Co, Ni, Cr) 




lb 


Transition temperatures : Fig. 724. 




5a 


Dielectric constant: Fig. 725. 




11 


Magnetic susceptibility: see Fig. 725. 
Magnetization: Fig. 726. 
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Figuren S. 349ff. 



II 2 W0 3 



Nr. lC-fl2 BaTi0 3 -SrTi0 3 -LaYO s -LaIn0 3 
Nr. lC-fl3 CaSn0 3 -SrSn0 3 -BaSn0 3 
Nr. 1C-H4 (Na-K)(Nb-Ta)O s 
Nr. IC-flS (Ca-Ba)(Ti-Zr)0 3 
| Nr. 1C-H6 (Sr-Pb)(Ti-Zr)O s 

Nr. 1C-H7 (Ba-Pb)(Ti-Zr)O a 

Nr. 1C-H8 (Ba-Pb)(Ti-Sn)Q 3 



lb | Phase diagram: Fig. 727. 

lb | Phase diagram: Fig. 728. 

lb | Phase diagram: Fig. 729. 

lb | Phase diagram: Fig. 730. 

lb Phase diagram: Fig. 731. 

Lattice parameter: Fig. 732. 
Transition temperature : Fig. 733. 



5a 
lb 

~7a~ 
lb 



Nr. !C-fl9 BaTi0 8 -PbTi0 3 -BaNb 2 0 6 -PbNb 2 0 5 lb 



Dielectric constant: Fig. 734, 735. 

Phase diagram: Fig. 736. 
Lattice parameter: Fig, 737. 
Transition temperature: Fig. 738. 



Electromechanical properties : Fig. 739, 740. 

Phase diagram : Fig. 741, 742. 
Lattice parameter: Fig. 743. 
Transition temperature : Fig. 744. 

Phase diagram : Fig. 745. 
Lattice parameter: Fig. 746. 



2 W0 3 

2A Pure compound 

Nr. 2A-1 WO3, Tungsten trioxide 



2a 
b 



5a 



phase 



state 



crystal 
system 



space 
group 



e 



VII 



mono- 
clinic* 1 ') 



VI 



tri- 
clinic b ) 



mono- 
clinic 0 ) 



P2i/n c ) 



IV 



ortho- 
rhombic b ) 



-40*) 17b) 3 30 e) 



III 



tetra- 
gonal) 



P4/nmm d ) 



II 



tetra- 
gonal 1 ') 



tetra- 
gonal b ) 



740°) 



T me it = 1473 °C. 
e = 7.157 • 10 8 kg m~ s at RT. 

TiTJ^'A? - ? l 53 A ' C = 7 68 A > fi = 90 ° 54' at 30 °C. 
■transparent, blmsh green. 



910*) 1230*) °C 



Crystal growth: Sublimation method. 
Crystal form: Plate-like. 



Crystal structure: Fig. 747, 748; Tab. 79; Fig. 749. 
phase I VII I VI I V I IV I III I II I 



8 



8 



Lattice distortion: Tab. 80. 
Thermal expansion : Fig. 750 



754. 



No e rS,T^ : * = 100 - 300 at liquid air temperature. 

d®iv-m!dp = -8.46 • 10~* °K N _1 m 2 . 

Didectric hysteresis loop was observed at liquid air temperature. 



*)48N1 t 48N2 
*)49M2 

*)49M2 
*)60T1 
°)60T2 
d )S2K1 
*)56S1 



2171 
04S1 
60T1 



5W1, 56T2, 
59S3 



60T1 



49M2 

66T4 
49M2 



I ' ^ t0 ^ SyStem " thC VII > ****** o* tri clinic synunetry was discussed by Tanisaki VOTf), 

88 " " . .» .__ ~ 



Ikeda/Gesi/Nomura 



V Index of substances 



!TR Of turn ~~ . ... 



I Tllis index consists of two Darts- a • * 
Pure compounds (including ,S: part A is for 
such as PbYCo / Nh , in „ g xt mp i? x compounds 
part B is Na o. S B. 4 . 8 Ti 40l5 ) and 



, formula. 5 When thS nt^A a 5 aa « ed & oss 
and/or their aob^atTnlm^ firS*** 

J ^ t £^^^S^2 crys^llization 
molecules are include fn Vl ' an * 0 of **** water 
water molec^are a^h^ 81085 f°f muIa ' & 
formula. Fortestencf^h.n P^fW 0 
1st column aTcHK^^ ^ Usted »«» 

KH.POJ 6 non - deu ^ated crystals (e.g. 

' 2tod & SOlid S0luti0n Bali^-PbSo') is 

Part B. If the soHn%«?, « • he lst colu «nn of 

fomulasuch as (Sb bT ts? fh^^ ^ 
be obtain M h„ 1_ «' S1, the end material can 

section number and tS 4th C0,Umn ^ ves 
I Page of the secW COlUmn «""* fil *t 



fuhrt. Wenn ihre Namin t» E™** 0 * 0 "™^ aufge- 
oder ihre abgSSraS %itf,\, Sei ^^h) und/ , 

««»»«. 

faistallreihe BaTiO -Pb?£ £ > J™ nn die Misch - 

haben (z. B. KTN1 S^J* ab ?'* u ™t«> Namen 
enthalten Dd dlese auch ln der 1. Spalte 

Sub^n" SSriSrUhr^ ei , n Abschnitt einer 

schnittsnumme? u Jd die 4 Sn al t ^ die Ab " 
des Abschnitts an palte d,e erste Sei te 



Gross formula 
ADP 

AgC,H s N,0 5 
Ag t H,IO, 
AgNbO, 
AgO,Ta 
AgO,V 
AlCH,NO s S t 
AJCH.N.O.S, 
A^CH„N,0 14 S 8 



VA Pure compounds 



12H.0 
6H.O 



AlCH M NO 20 s; 

AJCHeNO.Se^^HaO 
A^CH e N,0 8 Se 2 • 6H 2 0 
^CH 18 N,0 14 Se 8 
AlCH M NO S0 Se s ' 
Ammonium 
metaphosphate 

AsH 2 K0 4 



Chemical formula 

NH4H 8 P0 4 
NH 2 CH 2 COOH • AgNO a 

AgNbO s 
AgTaO a 
AgVO, 

CH 8 NH,A1(S0 4 ) 2 
C(NH 2 ) 8 A1(S0 4 ) 2 2 . 
C(NH 2 ) 8 Al(SO; 2 2 . 

CH s NH 8 Al(Se6 4 2 
C(NH 2 ) 3 Al(Se0 4 ) 2 
C(NH 2 ) 3 Al(Se0 4 ) 2 
CH 3 NH 3 Al(Seot) 2 



12H a O 
6H s O 
6H 2 0 
12H 2 0 

• 12H 2 0 
6H 2 0 
6H 2 0 

• 12H 2 0 



CsH 2 As0 4 
KH 2 As0 4 



Futuhata/Maldta 



Nr. 

13A-7 

29A-1 

35-22 

35-16 

35-18 

35-20 

18A-4 

19A-1 

19A-1 

18A-4 

18A-10 

19A-5 

19A-5 

18A-10 

35-14 
13A-6 
13A-4 



Page 



V Substanzenverzeichnis 



Gross formula 



Chemical formula 



Nr. 


Paere 

o 


13A-8 


147 


13A-5 


143 


37-5 


216 


37-6 


216 


9A-18 


120 


9A-14 


119 


9A-11 


118 


9A-16 


119 


9A-13 


119 


9A-10 


118 


9A-12 


119 


9A-15 


119 


9A-17 


120 


21A-1 


173 


21A-1 


173 


9A-9 


118 


9A-25 


122 


9A-5 


117 


9A-2 


116 


9A-7 


118 


9A-4 


117 


9A-1 


115 


9A-3 


117 


9A-6 


117 


9A-8 


118 


9A-22 


121 


9A-19 


120 


9A-21 


120 


9A-20 


120 


9A-23 


121 


9A-24 


121 


5C-gl 


104 


7A-7 


109 


7A-12 


110 


7A-8 


109 


7A-14 


111 


7A-19 


112 


26A-3 


184 


5C-dl 


104 


5C-g4 


104 


5C-hl 


104 


5C-g2 


104 


5C-fl 


104 


5C-h2 


104 


5C-g3 


104 


5C-b3 


103 


50el 


104 


5C~b2 


103 


5C-cl 


104 


50c2 


104 


5C-b5 


103 


50jl 


104 


5C-j3 


105 


5A-3 


98 


1A-8 


51 


1A-12 


61 


28A-3 


190 


14A-2 


154 


10A-7 


126 


10A-10 


127 


7A-3 


107 


7A-4 


108 


7A-17 


112 



AsH 6 N0 4 
AsH 2 0 4 Rb 
Azobenzene 
Azoxybenzene 

B 7 BrCd 3 0 13 

B 7 BrCo 3 0 13 

B 7 BrCr 3 0 18 

B 7 BrCu 3 0 18 

B 7 BrFe 3 0 13 

B 7 BrMg s 0 13 

B 7 BrMn 3 0 13 

B 7 BrNi 3 0 13 

B 7 Br0 13 Zn 3 

B 6 Ca 2 H 10 O 16 

B 6 Ca 2 O ll • 5H a O 

B 7 Cd 3 C10 ls 

B 7 Cd 3 I0 13 

B 7 ClCo 3 O w 

B 7 ClCr 3 0 13 

B 7 ClCu 3 0 13 

B 7 ClFe 3 0 13 

B 7 ClMg 3 0 13 

B 7 ClMn 3 0 13 

B 7 ClNi 3 O l3 

B 7 C10 13 Zn 3 

B 7 Co 3 I0 13 

B 7 Cr 3 I0 13 

B 7 Fe 8 I0 13 

B 7 IMd 3 0 13 

B 7 INi 3 0 13 

B 7 I0 18 Zn 3 
Ba^ijFe^bgO^ 
BaBijNbjO,, 
BaBi 3 Nb0 12 Ti 2 
BaBi 2 0 9 Ta 2 
BaBi 4 0 15 Ti 4 
Ba 2 Bi 4 0 18 Ti 6 
BaC 18 Ca 2 H 30 O 12 
Ba 4 Ce 2 Nb 8 Ni a O 30 
Ba 4 Fe 2 Gd 2 Nb 8 O 30 
Ba 2 Fe 3 Nb 7 Nd 4 O s0 
Ba 4 Fe 2 Nb 8 Nd 2 O 30 
Ba 6 FeNb 9 O 30 
Ba 3 Fe 8 Nb 7 O 30 Sm 4 
Ba 4 Fe 2 Nb 8 O 30 Sm 2 
Ba 2 KNb 5 0 15 
Ba 9 MgNb 14 0 45 
Ba 2 NaNb 6 0 16 
Ba 2 Nb 6 Nd 4 Ni a O 30 
Ba 2 Nb 8 Ni 2 0 M Sm 4 
Ba 2 Nb 5 0 15 Rb 
BaeNbgO^Ti, 
BaNb^O-^Zr^.. 
Ba0 6 Ta 2 
Ba0 3 Ti 
BaO s Zr 

BeC 6 F 4 H 17 N 8 0 6 

BeF 4 H 8 N 2 

BiBrS 

BiBrSe 

Bi a CaNb 2 0 9 

Bi a CaO„Ta 2 

Bi 4 CaQ 15 Ti 4 



NH 4 H 2 As0 4 

RbH 2 As0 4 

C! 2 H 10 N 2 

Cd 3 B 7 0 13 Br 

Co 3 B 7 0 13 Br 

Cr 3 B 7 0 13 Br 

Cu 3 B 7 0 13 Br 

Fe 8 B 7 0 13 Br 

Mg 3 B 7 0 13 Br 

Mn 3 B 7 0 ls Br 

Ni 8 B 7 0 13 Br 

Zn 3 B 7 O w Br 

C^B.Oj! - 5H 2 0 

CajB^On • 5H 2 0 

Cd 3 B 7 0 13 Cl 

Cd 3 B 7 0 13 I 

Co 3 B 7 0 13 Cl 

Cr 3 B 7 0 13 Cl 

Cu 3 B 7 0 13 Cl 

Fe 3 B 7 0 13 Cl 

Mg 3 B 7 0 13 Cl 

Mn 3 B 7 0 13 Cl 

Ni 3 B 7 0 13 Cl 

Zn 3 B 7 0 13 Cl 

Co 3 B 7 0 13 I 

Cr s B 7 0 13 I 

Fe 3 B 7 0 13 I 

Mn 3 B 7 0 13 I 

Ni 3 B 7 0 13 I 

Zn 3 B 7 0 13 I 

Ba 4 Bi,Fe 2 Nb 8 O 80 

BaBi 2 Nb 2 0 9 

BaBi 3 Ti 2 Nb0 12 

BaBi 2 Ta 2 0 9 

BaBi 4 Ti 4 0 15 

BajB^T^Ojg 

Ca 2 Ba(CH 3 CH 8 COO) 6 

Ba 4 Ce 2 Ni 2 Nb 8 O 30 

Ba 4 Gd 2 Fe 2 NbO 30 

Ba 2 Nd 4 Fe 3 Nb 7 0 30 

Ba 4 Nd 2 Fe 2 Nb 8 O 30 

Ba 6 FeNb 9 O 30 

Ba 2 Sm 4 Fe 3 Nb 7 O 30 

Ba 4 Sm 2 Fe 2 Nb 8 O 30 

KBa 2 Nb 6 0 15 

BajMgNb^O^ 

NaBa 2 Nb 5 O l5 

Ba 2 Nd 4 Ni 2 Nb 8 O 30 

Ba,Sm 4 Ni a Nb g O ao 

RbB^NbsO^ 

Ba 6 Ti 2 Nb 8 O 30 

BaZr a . i5 Nb 1#B 0«. tl 

BaTa 2 0 6 

BaTiO, 

BaZrO s 

(NH 2 CH 2 COOH) 8 H 2 BeF 4 

(NH 4 ) 2 BeF 4 

BiSBr 

BiSeBr 

CaBi 2 Nb 2 0 9 

CaBi 2 Ta 2 0 9 

CaBi 4 Ti 4 0 15 



572 



Furuhata/Makita 



Gross formula 

BiCIS 
BiClSe 

Bi a Fe 4 Nb 6 Nd 4 0 M 
BiFeO, 
Bi 5 Ga0 15 Ti, 
BilS 
BilSe 

BiK 2 Nb 5 0 15 
Bii/ 2 K l/2 O s Ti 

Bii/ 2 Na l/a 0 3 Ti 
Bi4. 6 Nao. 5 0 15 Ti 4 
Bi 2 Nb 2 0 9 Pb 
Bi 3 NbO l2 PbTi 2 
Bi 2 Nb a 0 9 Sr 
Bi 3 NbO fl Ti 
Bi 2 0 9 PbTa 2 
Bi 4 0 15 PbTi 4 
Bi 4 0 18 Pb 2 Ti 5 
Bi 2 0 9 SrTa 8 
Bi 4 O u SrTi 4 
Bi 4 0 lfi Sr 2 Ti 5 
Bi 3 0 9 TaTi 
Bi 2 O n Ti 4 
Bi 4 O ia Ti 3 
Br 8 C 4 H 12 HgN 
Br 8 C 4 H 12 HgP 
BrH 
BrSSb 
BrSbSe 

C 9 CaCl 2 H 21 N 3 0 8 
CisCajHaoO^Pb 
CisC^H^Sr 
C 4 Cl 3 H 12 HgN 
C 4 Cl 2 H 10 MnN 8 O 4 • 2H a O 

C 4 Cl 2 H 14 MnN 2 0 8 

C 2 C1H 6 N0 2 

C 4 C1 2 H 9 N0 4 

CCrH 6 N0 8 S 2 . 12H 2 0 

CCrH c N 8 0 8 S 2 • 6H 2 0 

CCrH^NO^S, 

CCrH 18 N 3 0 14 S 2 

CCrH 6 N 3 0 8 Se 2 . 6H 2 0 

CCrH 18 N 3 0 14 Se 2 

<^CnH 8 0 4 • 4H 2 0 

VuH 1€) 0, 

C 6 FeH 8 K 4 N 8 0 8 

CFeH 6 N0 8 S 2 - 12H 2 0 

CFeH^NO^S, 

C 6 FeK 4 N 8 • 3H 2 0 
CGaH fl N0 8 S 2 . 12H 2 0 
CGaH 6 N 3 0 8 S 2 • 6H 2 0 
CGaH 18 N 3 0 14 S 2 
C<feH M NO„S, 
CGaH 8 N 3 0 8 Se 2 • 6H 2 0 
CGaH 18 N s O M Se 2 
C4H 12 HgI 3 N 
C 6 H 6 K 4 MnN 8 0 3 
C fl H 6 K<N fl 0 3 0 S 
C 6 H 6 K 4 N 6 0 3 Ru 
C 4 H 4 KNaO tt . 4H a O 
C 4 H la KNaO 10 
C 4 H 8 LiNO 0 • H a O 



V Index of substances 
Chemical formula 

BiSCl 
BiSeCl 

B^Nd.Fe.NbaO,, 
BiFe0 3 
BiBi 4 Ti 3 Ga0 15 
BiSI 
BiSel 

K 2 BiNb 5 0 15 
( K i/ 2 Bi l/2 )Ti0 3 

K o. 5 Bi 4 . 5 Ti 4 0 15 

(Na^Bi^TiO, 

Na o. 5 Bi 4 . 6 Ti 4 0 15 

PbBi 2 Nb 2 0 9 

PbBi 3 Ti 2 NbO, 2 

SrBi 2 Nb 2 0 9 

BiBi 2 TiNb0 9 

PbBi 2 Ta 2 0 9 

PbBi 4 Ti 4 0 15 

Pb 2 Bi 4 Ti 6 0 18 

SrBi 2 Ta 2 0 9 

SrBi 4 Ti 4 0 15 

Sr 2 Bi 4 Ti B 0 18 
BiBi 2 TiTa0 9 
BiaTi.O^ 
BiBi 3 Ti 2 TiO i2 
N(CH 3 ) 4 HgBr 3 
WHgBr, 
H-Br 
SbSBr 
SbSeBr 



(CH 3 NHCH 2 COOH) 3 - CaCL 
C^PbfCH^COO), 
Ca 2 Sr(CH 3 CH 2 COO). 
N(CH 3 ) 4 .HgCi s 

(NH 2 CH 2 COOH) a . MnCl 2 . 2H 8 0 
(NH 2 CH 2 COOH) 2 -MnCL 
CH 2 ClCOONH 4 
(CH 2 C1CCX)) 2 H • NH 4 
CH 3 NH 3 Cr(S0 4 ) 2 . 12H 2 0 
C(NH 2 ) 3 Cr(S0 4 ) 2 -6H 2 0 
CH 3 NH 3 Cr(S0 4 ) 2 .12H 2 0 
C(NH 2 ) 3 Cr(S0 4 ) 2 . 6H 2 0 
C(NH 2 ) 3 Cr(Se0 4 ) 2 - 6H 2 0 
C(NH 2 ) 3 Cr(Se0 4 ) 2 • 6H 2 0 
Cu(HCOO) a • 4H a O 
Cu(HCOO) 2 . 4H 2 0 
K 4 Fe(CN) 6 • 3H 2 0 
CH 3 NH 3 Fe(S0 4 ) 2 
CH 3 NH 3 Fe(S0 4 ) 2 - 
K 4 Fe(CN) 8 . 3H s O 
CH 3 NH 3 Ga(S0 4 ) a 
C(NH 2 ) 3 Ga(S0 4 ) 2 
C(NH 2 ) 3 Ga(S0 4 ) a 
CH 3 NH 3 Ga(S0 4 ) 2 
C(NH 2 ) 3 Ga(Se0 4 ) 2 
C(NH 2 ) 3 Ga(Se0 4 ) 2 
N(CH 3 ) 4 HgI 3 
K 4 Mn(CN) 8 - 3H 2 0 
K 4 Os(CN) c - 3H 2 0 
K 4 Ru(CN) 6 - 3H a O 
NaKC 4 H 4 O a • 4H 2 0 
NaKC 4 H 4 O fl • 4H 2 0 
LiNH 4 • C 4 H 4 Q 6 • H 2 0 



2H a O 



• 12H 2 0 
12H 2 0 

• 12H 2 0 
■6H a O 

6H a O 
12H a O 
•6H 2 0 
•6H„0 



32A-1 

26A-2 

26A-1 

24A-1 

31A-1 

31A-1 

27A-1 

27A-2 

18A-6 

19A-2 

18A-6 

19A-2 

19A-6 

19A-6 

25A-1 

25A-1 

22A-2 

18A-7 

18A-7 

22A-2 

18A-5 

19A-3 

19A-3 

18A-5 

19A-7 

19A-7 

24A-4 

22A-1 

22A-4 

22A-3 

33A-1 

33A-1 

34A-1 



Nr. 


Page 


1UA— 6 


125 


1UA— 9 


126 




104 


1 A 1C 

1A-15 


63 


*7 A 10 

/A— 18 


112 


1 A A a 

1UA— 8 


126 


lUA-11 


127 


o<J~a2 


102 


IB l-i 


64 


*7"r> a 

/jd—4 


114 


1x5 1-U 


64 


/rs— 3 


114 


1 A f\ 

7A-9 


109 


"7 A At 

7 A- 13 


110 


7 A C 
/A— 5 


108 


7A-1 


107 


*7 A 1 A 

7A-10 


110 


*7 A 4 C 

7 A— 15 


111 


"7 A OA 

/A— Zi) 


112 


"7 A C 

/A— 6 


109 


"7 A * f 

7 A- 16 


111 


7A 91 


113 


7A-2 


107 


7A-22 


113 


7A-11 


110 


24A-2 


179 


24A-3 


180 


35-12 


203 


10A-1 


122 


10A-3 


124 1 



192 
183 
182 
178 
192 
192 
184 
184 
160 
164 
160 
164 
167 
167 
180 
180 
174 
160 
160 
174 
160 
165 
165 
160 
167 
167 
180 
174 
176 
176 
193 
193 
199 



Furuhata/Makita 
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V Substanzenverzeichnis 



Nr. 


Page 


34A-1 


199 


34A-2 


199 


34A-2 


199 


33A-2 


197 


33A-2 


197 


30A-1 


191 


28A-1 


185 


18A-8 


161 


19A-4 


166 


19A-4 


166 


18A-8 


161 


28A-2 


190 


23A-1 


177 


33A-3 


198 


33A-3 


198 


18A-9 


161 


18A-9 


161 


22A-1 


174 


22A-4 


176 


22A-3 


176 


1A-5 


44 


1A-10 


60 


16A-1 


156 


lB3-xvii 


70 


lB3-xvii 


70 


6A-1 


105 


lB4-iu 


71 


1B2-U 


65 


1A-7 


50 


35-21 


208 


35-11 


202 


35-28 


211 


18A-11 


161 


18A-11 


161 


21A-1 


173 


lB3-xvii 


70 


lB3-xvii 


70 


lB4-iv 


71 


lB3-iv 


68 


lB4-vii 


72 


l J->J — ALU 


70 
/ u 


lB2-iv 


66 


lB3-xvii 


70 




14.1 


20A-3 


172 


12A-3 


134 


35-33 


212 


35-33 


212 


4A-2 


95 


35-2 


200 


35-24 


210 


18A-1 


157 


18A-1 


157 


5C-il 


104 


5C-h3 


104 


lB3-iii 


67 


5C-f2 


104 


5<^g5 


104 


lB3-xii 


69 


lB3-xvi 


70 


lB5-ii 


73 



Gross formula 



Chemical formula 



C 4 H 10 LiNO 7 

C 4 H 4 Li0 6 Tl • H 2 0 

C 4 H 6 Li0 7 Tl 

C 4 H 8 NNa0 8 • 4H 2 0 

C 4 H w NNaO 10 

C 4 H n N 3 0 7 

C 6 H 17 N 3 O 10 S 

CH 6 N0 8 S 2 V - 12H 2 0 

CH 6 N s 0 8 S 2 V • 6H 2 0 

CH 18 N 3 0 14 S 2 V 

CHjoNO^Sj.V 

C a H 17 N 3 O 10 Se 

CH 4 N 2 S 

C 4 H 4 Na0 6 Rb • 4H 2 0 

C 4 H i2 NaO I0 Rb 

CH 6 InN0 8 S a * 12H a O 

CH^InNO^S, 

C 8 K 4 MnN a • 3H 2 0 

C fl K 4 N 6 0s • 3H 2 0 

C a K 4 N 6 Ru • 3H 2 0 

Ca0 3 Ti 

Ca0 3 Zr 

Cd 2 H 8 N 2 0 12 S s 

Cd l/4 Mn l/4 Nb l/2 0 3 Pb 

Cd l/4 Mn l/4 O s PbW l/2 

Cd 2 Nb 2 0 7 

Cd l/3 Nb a/3 0 3 Pb 

Cd l/2 0 3 PbW l/2 

Cd0 3 Ti 

Cl 3 CsGe 

C1H 

C1K 

CoCrH 5 N 3 O s S 2 -12H 2 ( 
CoCrH 29 N 2 O 20 S 2 
Colemanite 
Co 1 / 4 Mn l/4 Nb 1 / a 0 3 Pb 
Co l/4 Mn l/4 0 3 PbW 3/2 
Co l/3 Nb 2/3 O s Pb 
Co^Nb./APb 
Co^APbTa,/, 
Coj/jOaPbTa,/, 
Co l/2 0 3 PbW l/2 
Cr l/4 Nb l/2 0 3 PbSc l/4 
CsH 2 0 4 P 
CsH 3 0 6 
CsNO, 



Aj^ 6 Se 2 



Deoxyribonucleic acid 
DNA 

ErMn0 3 
Eu 2 Mo 3 0 12 

F 7 H 8 N 2 P 

FeH 4 N0 8 S 2 • 12H s O 

FeH 26 NO 20 S 2 

Fe^b.Nd.Ojp 

Fe 3 Nb 7 Nd 4 O 30 Pb 2 

Fe l/2 Nb l/2 O a Pb 

FeNb 9 0 M Sr, 

Fe 2 Nb 8 O 80 Sr 4 Yb 2 

Fe l/2 0 3 PbTa l/2 

Fe l/2 0 3 PbW l/2 

F e2/3 0 3 PbW l/3 



LiNH 4 • C 4 H 4 0 6 • H s O 
LiTlC 4 H 4 0 6 • H 2 0 
LiTlC 4 H 4 O e • H 2 0 
NaNH 4 C 4 H 4 0 6 • 4H a O 
NaNH 4 C 4 H 4 0, • 4H 2 0 
(NH 2 CH 2 COOH) 2 • HN0 3 
(NH 2 CH 2 COOH) 3 - H 2 S0 4 
CH 3 NH 3 V(S0 4 ) 2 • 12H 2 0 
C(NH 2 ) 3 V(S0 4 ) 2 • 6H 2 0 
C(NH 2 ) 3 V(S0 4 ) 2 • 6H 2 0 
CH 3 NH 3 V(S0 4 ) 2 • 12H 2 0 
(NH 2 CH 2 COOH) 3 - H 2 Se0 4 
SC(NH 2 ) 2 

NaRbC 4 H 4 0 6 - 4H 2 0 
NaRbC 4 H 4 G 6 • 4H 2 0 
CH 3 NH 3 In(S0 4 ) 2 • 12H a O 
CH 3 NH a In(S0 4 ) 2 * 12H 2 0 
K 4 Mn(CN) fl - 3H a O 
K 4 Os(CN) 6 • 3H a O 
K 4 Ru(CN) 6 • 3H 2 0 
CaTiOj 
CaZrO a 

(NH 4 ) 2 Cd 2 (S0 4 ) 3 

Pb(Cd l/4 Mn l/4 Nb l/2 )O s 

Pb(Cd l/4 Mn l/4 W l/2 )0 3 

Cd 2 Nb 2 0 7 

Pb(Cd l/3 Nb 2/3 )0 3 

Pb(Cd l/2 W l/2 )0 3 

CdTiO s 

CsGeCl 3 

HC1 

KC1 

Co(NH a ) 2 HCr(S0 4 ) 2 • 12H 2 0 

Co(NH 2 ) 2 HCr(S0 4 ) 2 • 12H a O 

Ca,B tt O u • 5H 2 0 or CaB 3 0 4 (OH) 3 

Pb(Co^ 4 Mn l/4 Nb l/2 )0 8 

Pb(Co l/4 Mn l/4 W l/2 )0 3 

Pb(Co l/t Nb i7t )0, 

Pb(Co l/2 Nb l/2 )0 3 

Pb(Co l/3 Ta 2/3 )0 3 

Pb(Co l/2 Ta l/2 )0 3 

Pb(Co l/a W l/2 )0 3 

Pb(Sc l/4 Cr l/4 Nb l/2 )O s 

CsH a P0 4 

CsH 3 (Se0 3 ) 2 

CsNO s 

Deoxyribonucleic acid 
Deoxyribonucleic acid 

ErMnO a 
Eu a (Mo0 4 ) 3 

NH 4 PF 6 NH 4 F 

NH 4 Fe(S0 4 ) 2 * 12H 2 0 

NH 4 Fe(S0 4 ) 2 • 12H a O 

Nd 6 Fe 4 Nb 6 O 30 

Pb a Nd 4 Fe 3 Nb 7 O 30 

Pb(F ei/a Nb l/2 )0 3 

Sr.FeNb.Ojo 

Sr 4 Yb s Fe 2 Nb 8 O 30 

Pb(Fe l/2 T ai/2 )0 3 

Pb(Fe j/2 W l/2 )0 3 

Pb(Fe 2/3 W l/3 )O s 



H 2 0 
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Furuhata/Makita 



12H 2 0 



Gross formula 

GASH 
Gd 2 Mo 8 0 12 
GeTe 

HI 

H a IN a O. 

H 4 InN0 8 S 2 • 12H 2 0 
H 28 InNO 20 S 2 
H 2 K0 4 P 
H 6 LiN 2 0 4 S 
H 3 LiO e Se 2 
H 4 NNa0 4 S • 2H 2 0 
H 8 NNa0 6 S 
H 6 N0 4 P 
H 5 N0 4 S 
H 8 N 2 0 4 S 
H 4 N0 8 S 2 V 
H 28 NO 20 S 2 V 
H 3 Na0 6 Se 2 
H 2 0 (Ice) 
H 2 0 4 PRb 
H0 4 RbS 
Hf0 3 Pb 
HoMn0 3 
Ho^Nb^OaPb 

Ice 
IKO s 
ISSb 
ISbSe 
ISbTe 

In 1 y 2 Nb l/2 O s Pb 
KDP 

K 2 LaNb 5 0 15 
Ko-fiLiouNbO, 
K i).«Lio.4Nb 0 . 3 0 3 Ta 0 . 7 
KLi0 4 S 
KNO a 
KNO s 
KNb0 3 
KNb s O J5 Sr 2 
KO s Ta 

Lecontite 
IiNb0 3 

Li l/4 Nb l/4 0 3 PbW l/8 
IiO s Ta 
LuMnO s 
L Ul/2 Nb l/2 0 3 Pb 
Lu i/20 3 PbT ai/2 

MASD 

M^i/iMa^Nb^OaPb 
M gi/*Mn l/4 0 3 PbTa l/2 
M gi/4M ni/4 0 3 PbW l/2 
M &i/ 3 Nb 2/3 0 3 Pb 
M gNb 14 0 45 Sr 9 
Mgi/30 3 PbTa 2/3 
Mg l/2 0 3 PbW l/2 

^i/tNb^Ni^O.Pb 
Mn^Nb^Pb 
^lANb^OgPbZn^ 
^lANi^OjPbW^ 



12H 2 0 
12H-0 



V Index of substances 

Chemical formula 

C(NH 2 ) 8 AI(S0 4 ) 2 • 6H 2 0 
^ 2 (Mo0 4 ) 3 
GeTe 

HI 

(NH 4 ) 2 H 3 IO tt 
NH 4 In(S0 4 ) 2 • 12H 2 0 
NH 4 In(S0 4 ) 2 .12H 2 0 
KH 2 P0 4 
Li(N 2 H 5 )S0 4 
LiH,(SeOJ a 
NaNH 4 S0 4 • 2H 2 0 
NaNH 4 S0 4 • 2H a O 
NH 4 H 2 P0 4 
(NH 4 )HS0 4 
(NH 4 ) 2 S0 4 
NH 4 V(S0 4 ) 2 
NH 4 V(S0 4 ) 2 
NaH 3 (Se0 3 ) 2 
H 2 0 

RbH 2 P0 4 
RbHSO, 
PbHfO, 
HoMnO s 

Pb(Ho l/2 Nb l/2 )Q 3 



H 2 0 
KIO a 
SbSI 
SbSel 
SbTel 

Pb(I ni/2 Nb l/2 )0 3 

KH 2 P0 4 
K 2 LaNb 5 0 15 
K o. 6 Lio.4Nb0 3 

Ko.eLio. 4 (Ta 0 . ? Nb 0 . 3 )0 3 
KLiS0 4 
KN0 2 
KN0 3 
KNb0 3 
KSr 2 Nb 5 0 16 
KTa0 3 

NaNH 4 S0 4 • 2H 2 0 
LiNbO s 

PbJLi^Nb^W^JO, 
LiTa0 3 
LuMn0 3 

PbfLu^Nb^O, 
Pb(L Ul/2 T ai/2 )0 3 

CH 3 NH 3 A1(S0 4 ) 2 - 12H 2 0 
^(Mg l/4 Mn l/4 Nb l/2 )0 3 

PbfMg^Nb^Oa 
Sr 9 MgNb 14 0 45 

Pb(Mg l/3 Ta 2/3 )0 3 
^(Mgi^WvJO, 
^(^MniANb^JOa 
Pb(Mn l/2 Nb l/2 )O s 

Pb(Ni l/4 Mn l/4 W l/2 )O s 

Fumhata/Makita 



35-29 
1A-16 
10A-2 
10A-4 
10A-5 
lB3-vi 



Nr. 


| Page 


19A-1 


161 


j j j 


200 




212 


35-13 


Of\ A 


35-23 


zuy 


18A-3 


1 CO 


18A-3 


1 cc 


13A-1 


1 XA 

1 j4 


35-15 




20A-1 


loo 


17A-1 


ID / 


17A-1 


ID I 


13A-7 




15A-1 


1 KA 
ID4 


14A-1 


l*to 


18A-2 


158 


18A-2 


158 


20A-2 


169 


35-29 


211 


13A-2 


141 


15A-2 


155 


1A-14 


62 


4A-3 - 


95 1 


lB3-viii 


68 



13A-1 


134 


5C-al 


102 


5C~-kl 


105 


5G-k2 


105 


35-27 


211 


11A-2 


• 130 


12A-1 


131 


1A-2 


39 


5C-M 


102 


1A-4 


41 


17A-1 


157 


3A-1 


89 


lB3-xvii 


70 


3A-2 


92 


4A-6 


97 


lB3-ix 


68 


lB3-xv 


70 


18A-4 


158 


lB3-xvii 


70 


lB3-xvii 


70 


lB3-xvii 


70 


lB4-i 


70 


5C-e2 


104 


lB4-vi 


72 


lB2-i 


65 


lB3-xvii 


70 


lB3-ii 


67 j 


lB3-xvii 


70 


lB3-xvii 


70 
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V Substanzenverzeichnis 



Gross formula 


Chemical formula 


Nr. 


Page 


Mn0 2 

jxxix 1/2^3 ± u rvc^ 

Mn l/2 0 3 PbTa l/2 

Mn l/2 0 3 PbW l/2 

Mn 2/3 0 3 PbW l/8 

MnO s Tm 

MnO s Y 

Mn0 8 Yb 

Mo 3 0 12 Sm 2 

Mo 3 0 12 Tb 2 


Mn0 2 

PbfMn, /.Re, /«)0- 

u \ 1/2 1/2/ 0 

Pb(Mn l/2 Ta l/2 )03 

Pb(Mn l/2 W l/2 )0 3 

Pb(Mfa^W^)0, 

TmMn0 3 

YMn0 3 

YbMnO s 

Sm 2 (Mo0 4 ) 3 

Tb 2 (Mo0 4 ) 3 


35-31 

1B2-V 

lB3-xi 

lB2-iii 

lB5-i 

4A-4 

4A-1 

4A-5 

35-1 

35-4 


212 
66 
69 
66 
73 
96 
94 
96 
200 
201 


NNa0 2 

NO s Rb 

NaNbO, 

Na0 3 Ta 

Na0 3 V 

Nbw»Ni,/«,0,Pb 

Nb 2/3 Ni l/3 O s Pb 

Nb 2 O e Pb 

Nb 2 0 7 Pb 2 

Nb l/2 0 3 PbSc l/2 

Nb^PbYb^ 

Nba/aOaPbZn^ 

Nb 5 O u RbSr 2 

Ni^OsPbTaj/j 


NaN0 2 

RbN0 3 

NaNbO, 

NaTaO, 

NaVO, 

PbfNiw-NbwJO, 
\ i/ 2^ 1/2/3 

PbtNi./.Nb.^O, 

PbNb,O t 

Pb 2 Nb 4 0, 

PbtSc./.Nb^O, 

Pb(Yb l/a Nb l/8 )O s 

PbtZn^Nb^O, 

RbSr,Nb 8 0 15 

PbtNi./jTa./.JO, 


11A-1 

12A-2 

1A-1 

1A-3 

35-19 

1B3-V 

1B4-V 

5A-1 

6A-2 

lB3-i 

lB3-vii 

lB4-ii 

5C-b4 

lB4-viii 


128 

133 
37 
40 

208 
68 
72 
97 

106 
67 
68 
71 

103 
73 


0 3 PbS Cl/2 Ta l/2 

O e Pb 4 Si 

C^FbTa, 

0 3 PbTa l/a Yb l/2 

O s PbTi 

O s Pb 3 V 2 

0 3 RbTa 

O a Sn 

O a SrTa 2 

0 7 Sr 2 Ta 2 

0 3 SrTi 

O s SrZr 

0 2 Ti 

0 3 W 


Pb(Sc I/t Ta l/l )O s 

Pb 4 SiO, 

PbTa,O s 

PbfYb./.Ta^O, 

PbTiO, 

Pb,V t O, 

PbZr0 3 

RbTaO, 

Sn0 2 

SrT^O, 

S^TajO, 

SrTiO s 

SrZr0 3 

TiO, 

WO, 


1B3-X 

35-26 

5A-4 

lB3-xiv 

1A-9 

35-25 

1A-13 

35-17 

35-32 

5A-2 

6A-3 

1A-6 

1A-11 

35-30 

2A-1 


69 
210 
98 
70 
59 
210 
61 
207 
212 
98 
106 
45 
61 
212 
88 


p-azoxyanisole 

p-butoxybenzoic acid 
Perovskite 

p-methoxycinnamic acid 
ryrui uoi lc 


C 11 H 14 0 3 
CaTi0 3 

MnO a 


37-1 

37-2 

37-3 

1A-5 

37-4 

35-31 


215 
215 
215 
44 
216 
212 


Rochelle salt 

RS 

Rutile 


NaKC 4 H 4 0 6 • 4H a O 
NaKC 4 H 4 O s * 4H t O 
TiO a 


33A-1 
33A-1 
35-30 


193 
193 
212 


Seignette salt 

SiV, 

SnTe 


NaKC 4 H 4 O ft - 4H 2 0 

V 3 Si 
SnTe 


33A-1 

36-^t 

36-2 


193 
214 
213 


TGS 

Tri-glycine tellurate 


i (NH 2 CH 2 COOH) a H 2 S0 4 


28A-1 
28A-4 


185 
190 



576 
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Index of substances 



VB Solid solutions 



Gross formula 

AB0 3 
Al 2 Ba0 4 
AlLaO s 
AlLaO, 
AlLaO, 
AsH 6 N0 4 
AsH 2 0 4 Tl 
AsIS 

BaBi 2 Nb 2 0 9 
BaBi 2 Nb 2 0 9 
BaBi s Nb0 12 Ti 2 
BaF 4 Li s 

BaFe l/2 0 3 Ta l/2 
BaHf0 2 
BaHf0 8 
BaNb 2 O fl 
BaNb 2 0, 
BaNb 2 O tf 
BaNb 2 0 6 
BaNb 2 O c 
[ BaNb 2 O e 
BaNb 2 O e 
BaNb 2 0 8 
BaNb 2 O tf 
Ba0 3 Sn 
BaO s Sn 
Ba0 8 Sn 
BaO a Sn 
BaO s Sn 
Ba0 3 Sn 
BaO tt Ta 2 
Ba0 6 Ta 2 
BaO e Ta 2 
BaO s Ti 
BaO s Ti 
BaO s Ti 
Ba0 8 Ti 
Ba0 8 Ti 
BaO s Ti 
BaO a Ti 
BaO s Ti 
Ba0 8 Ti 
Ba0 3 Ti 
Ba0 3 Ti 
Ba0 3 Ti 
Ba0 3 Ti 
Ba0 8 Ti 
Ba0 8 Ti 
Ba0 3 Ti 
BaO s Ti 
Ba0 8 Ti 
Ba0 8 Ti 
Ba0 3 Ti 
BaO s Ti 
BaO a Ti 
BaO s Ti 
BaO s Ti 
BaOjTi 
BaO s Ti 



LandoJl-Itomsteln, Neue Serie 1II/3 



Chemical formula 

AB0 3 -PbTi0 3 -PbZr0 3 

BaAl 2 0 4 -BaLi 2 F 4 

LaA10 3 -BaTi0 8 

LaA10 3 -BiFe0 3 

LaA10 3 -PbTiO s 

NH 4 H 2 As0 4 -TiH 2 As0 4 

TlH 2 As0 4 -NH 4 H 2 As0 4 

AsSI-SbSI 



(Ba-Pb)Bi 2 Nb 2 0 9 
Bi 2 BaNb 2 0,-Bi 3 TiNb0 9 
Bi 3 BaTi 2 NbO 12 -Bi 4 Ti 3 0 12 
BaLi 2 F 4 -BaAl 2 0 4 
Ba(Fe l/2 Ta l/2 )O s -BaTi0 3 
BaHfO s -BaTi0 3 
BaHf0 8 -PbHf0 3 
BaNb 2 0 6 -BaTiO s 
BaNb 2 0 6 -Ba2r0 3 
BaNb 2 0 8 -CaNb a 0 6 
BaNb 2 0 6 -PbNb 2 O fi 
BaNb 2 O 6 -SrNb 2 O 0 

BaNb 2 O fl -BaTi0 3 -PbTi0 3 -PbNb 9 0, 
(Ba-Pb-Sr)(Nb-Ta) 2 0 G 26 
(Ba-Pb-Ca)(Nb-Ta) 2 0 8 
BaZr 0 Nb i5 o, 2s 

BaSnO s -BaTiO s 
BaSn0 8 -PbO:Sn0 2 
BaSnO s -PbTi0 8 
(Ba-Pb)(Sn-Ti)O s 
BaSn0 3 -SrSnO s 

BaSn0 8 -CaSn0 8 -SrSnO s 
BaTa a 0 6 -BaTi0 3 
(Ba-Pb-Ca)(Ta-Nb) 2 O e 
(Ba-Pb-Sr)(Ta-Nb) 2 O a 
BaTiO^BafFe^Ta^CL 
BaTi0 8 -BaHf6 3 U 8 
BaTi0 3 -BaNb 2 0 6 
BaTi0 3 -BaSn0 3 
BaTi0 3 -BaTa 2 0 6 
BaTi0 3 -BaU0 3 
BaTi0 8 -BaZrO s 
BaTi0 3 -BiFe0 3 
BaTi0 3 -Bi 4 Ti 3 0 12 
BaTi0 3 -CaTiO s 
BaTiO a -Co 2 Nb 2 0 7 
BaTiCVCo^O, 
BaTiOHK^Bi^JTiO, 
BaTi0 8 -KNbO s 
BaTi0 8 -LaA10 8 
BaTi0 8 -Mn 2 Nb 2 0 7 
BaTiO^MnjjTajOy 
BaTi0 8 -NaNbO s 
BaTi0 3 -Ni 2 Nb 2 0 7 
BaTiOs-NijTagO, 
BaTi0 3 -PbO:Sn0 2 
BaTi0 8 -PbTi0 3 
BaTi0 8 -PbZrO 3 
BaTiO 3 -SrTi0 8 
BaTi0 3 -<^Ti0 8 -PbTiO 3 
BaTi0 8 -CaTi0 8 -SrTi0 8 



Nr. 

10-f9 
8B-1 
1C-c8 
lC-bll 
lC-clO 
13B-3 
13B-3 
10B-1 

7B-5 

7B-1 

7B-2 

8B-1 

!G-d2 

lC-a24 

lC-al8 

lC^e9 

5B-1 
5B-5 
5B-3 
!C-fl9 
5B-15 
5B-15 
5C-j3 
lC-a25 
lC-a21 
lC^-blO 
lC-fl8 
!C~a20 
\C~i\3 

IC-elO 

5B-15 

5B-15 

lC-d2 

lC-a24 

lC-a25 

IC-elO 

lG-a26 

lC-a23 

!C-c9 

7B-6 

lC~a7 

lC~ell 

lC-nell 

lG-d3 

1C-C5 
1C-C8 
lC-ell 
lC~ell 
1C-c2 
lC-ell 
lC-ell 
1C-M 
lC^all 
!C-b3 
lC-a9 
lC-f2 
lC-fl 
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V Substanzenverzeichnis 



Gross formula 



Chemical formula 



Nr. 


Page 


!C-fl2 


88 


1C-H9 


88 


1C-H5 


88 


1CM18 


88 


lC-fl7 


88 


lC-a26 


77 


5C~-j2 


105 


lC-a23 


77 


lC^-a!2 


76 


lC-b9 


82 


lC-al5 


76 


lC-fl5 


88 


1C-H7 


88 


5C-j3 


105 


14B-1 


154 


1C~c9 


84 


IC^-bll 


83 


1C-M2 


83 


lC-a33 


82 


lG-d23 


85 


1G-c13 


84 


1C~c14 


84 


1C-C16 


84 


lC-d22 


85 


IC^clS 


84 


1C-c7 


83 


lC~f6 


87 


7B-7 


114 


10B-5 


128 


lC-d3 


84 


lC-d20 


85 




84 


lC-dl7 


85 


lC-d20 


85 


lC-d4 


84 


lC-d21 


85 


lC-dl6 


85 


5B-14 


102 


5B-13 


102 


7B-1 


113 


7B-5 


114 


7B-2 


113 


7B-1 


113 


7B-2 


113 


7B-1 


113 


7B-1 


113 


7B-1 


113 


7B-7 


114 


5B-14 


102 


5B-14 


102 


lC-e8 


86 


7B-6 


114 


7B-2 


113 


7B-2 


113 


7B-2 


113 


10B-3 


127 


28B-2 


191 


22B-1 


176 


22B-2 


176 


22B-3 


177 


22B-1 


176 


22B-1 


176 



BaO s Ti 
Ba0 8 Ti 



Ba0 3 Ti 
BaO a U 
BaO„Zr 



BaO s Zr 

Ba0 3 Zr 

BaO s Zr 

BaO a Zr 

BeF 4 H 8 N 2 

BiFeO s 

BiFeO s 

BiFe0 8 

BiFe0 3 

BiFe0 3 

BiFe0 8 

BiFe0 8 

BiFeO s 

BiFeO s 

BiFeO s 

BiFe0 8 

BiFeOj 

Bi 5 Ga0 16 Ti 3 

BilS 

Bij/.K^O.Ti 

Bij/aK^OsTi 

Bi l/2 K l/2 0 8 Zr 

Bi^Na^OjTi 

Bi l/2 Na l/2 O s Ti 

Bi^Na^OgTi 

Bij/aNaj/AZr 

BiNbO s 

Bi 2 Nb 6 0 18 

Bi 2 Nb 2 0 9 Pb 

Bi 2 Nb 2 0 9 Pb 

Bi 3 Nb0 12 PbTi 2 

Bi 2 Nb 2 0 9 Sr 

Bi 3 Nb0 12 SrTi 2 

Bi 3 Nb0 9 Ti 

Bi 8 Nb0 9 Ti 

Bi 8 Nb0 9 Ti 

Bi 4 0 15 PbTi 4 

BiO e Ti 

Bi 2 0 6 Ti 3 

Bi 2 0 9 Ti 3 

Bi 4 0 12 Ti 3 

Bi 4 0 12 Ti 3 

Bi 4 0 12 Ti 3 

Bi 4 0 12 Ti 8 

BrSSb 

C 6 FH 17 N 3 0 9 P 

C 6 FeH 6 K 4 N 6 O s 
C 6 FeH 6 K 4 N 6 O s 
C 6 FeH 6 K 4 N 6 0 3 
C 6 FeH ie N 10 • 3H 2 0 
C 6 FeH 22 N 10 O 3 



BaTi0 8 -LaIn0 3 -LaY0 8 -SrTi0 3 

BaTi0 3 -PbTi0 8 -BaNb 2 0 6 -PbNb 2 O 8 

{Ba-Ca)(Ti-Zr)0 8 

(Ba-Pb)(Ti-Sn)O s 

(Ba-Pb){Ti-Zr)0 3 

BaU0 8 -BaTiO s 

BaZr0 3 -BaNb 2 0 6 

BaZr0 3 -BaTiO s 

BaZr0 8 -CaZrO s 

BaZr0 3 -PbTi0 3 

BaZrO 3 -PbZr0 3 

(Ba-Ca)(Zr-Ti)0 3 

(Ba-Pb)(Zr-Ti)O s 

BaZro.23Nbi.5O5 

.25 

(NH 4 ) 2 BeF 4 -(NH 4 ) 2 S0 4 

BiFe0 3 -BaTi0 8 

BiFe0 3 -LaA10 3 

BiFe0 3 -LaCr0 3 

BiFe0 3 -LaFe0 3 

BiFeOg-PbfFe^Nb^O, 

BiFe0 3 -PbTiO s 

BiFe0 3 -PbZr0 3 

BiFe0 8 -SrFeO s 

BiFe0 3 -Sr(Sn l/3 Mn 2/3 )0 3 

BiFe0 8 -SrSnO s 

BiFe0 8 -SrTi0 3 

BiFe0 8 -PbTi0 8 -PbZr0 3 

Bi 5 Ti3Ga0 15 -Bi 4 PbTi 4 0 15 

BiSI-SbSI 

(K l/2 Bi l/a )Ti0 3 -BaTi0 3 

(^i/2Bii/ 2 ) Ti0 3 -(Na 1 / 2 Bi 1 / 2 )Ti0 3 

(K^ 2 Bi^ 2 )Ti0 3 -PbTi0 8 

(K^Bi^JZrOs-PbZrOa 

(Na lM Bi 1 / t )TiO < -(K l/t Bi Va )TiO, 

(Na^ 2 Bi l/2 )TiO s -PbTiO s 

(Na l/2 Bi l/2 )TiO s -PbZr0 8 

(Na l/8 Bi l/2 )ZrOj-PbZr0 3 

BifNb-TiJO^PbNbA 

Bi 2 O s • 3Nb 2 0 5 -PbNb 2 0 4 

Bi 2 PbNb 2 0 9 -Bi 3 TiNb0 9 

Bi 2 PbNb 2 0 9 -BaBi 2 Nb 2 0 9 

Bi 3 PbTi 2 Nb0 12 -Bi 4 Ti 3 0 12 

Bi 2 SrNb 2 0 9 -Bi s TiNb0 9 

Bi 3 SrTi 2 Nb0 12 -Bi 4 Ti 8 0 12 

Bi 8 TiNb0 9 -Bi 2 BaNb 2 0 9 

Bi 3 TiNb0 9 -Bi 2 PbNb 8 0 9 

Bi 8 TiNbO ft -Bi 2 SrNb 2 0 9 

Bi 4 PbTi 4 0 15 -Bi 5 Ti 3 Ga0 15 

Bi(Ti-Nb)0 8 -PbNb 2 O tt 

Bi 2 0 8 • 3Ti0 2 -PbNb 2 O tt 

Bi 2 O s • 3Ti0 2 -SrTiO 3 

Bi 4 Ti s 0 12 -BaTiO s 

Bi 4 Ti 3 0 12 -Bi 8 BaTi 2 NbO 12 

Bi 4 Ti 3 0 12 -Bi 3 PbTi 2 Nb0 12 

Bi 4 Ti 3 0 12 -Bi 3 SrTi 2 Nb0 12 

SbSBr-SbSI 

(NH 2 CH 2 COOH) 8 • H 2 PO s F- 
(NH 2 CH 2 COOH) 8 ■ H 3 S0 4 
K 4 Fe(CN) 6 • 3H 2 0-(NH 4 ) 4 Fe(CN) 6 • 3H 2 0 
K 4 Fe(CN) fi - 3H a O-Rb 4 Fe(CN) fl • 3H a O 
K 4 Fe(CN) 6 • 3H 2 0-Tl 4 Fe(CN) 6 • 3H s O 
(NH 4 ) 4 Fe(CN) 6 • 3H 2 0-K 4 Fe(CN) 6 • 3H 2 0 
(NH 4 ) 4 Fe(CN) 8 • 3H 2 0-K 4 Fe(CN) 4 • 3H a O 
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Nr. 
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C 8 FeH fi N 6 C\Rb 4 
C 8 FeH fl N 6 0 3 Tl 4 
C 6 FeK 4 N 6 • 3H a O 
C 8 FeK 4 N 8 - 3H a O 
C 8 FeK 4 N 8 • 3H 2 0 
C 8 FeN 8 Rb 4 • 3H a O 
C 8 FeN 8 Tl 4 - 3H a O 
C 4 H 4 KNaO e • 4H s O 
C 4 H 4 KNa0 8 • 4H 2 0 
C 4 H 12 KNaO 10 
C 4 H 12 KNaO 10 
C 4 H 8 NNa0 8 • 4H a O 
C 4 H 18 NNaO 10 
C 8 H 17 N 8 O 10 S 

C 8 H 17 N 3 O 10 S 

C 8 H 17 N 8 O 10 Se 

C 4 H 4 Na0 8 Tl • 4H s O 

C 4 H 12 NaO 10 Tl 

CaHfO, 

CaNb 2 0 8 

CaNb 2 0 8 

CaNb a 0 6 

CaNb 2 0 6 

Ca,Nb t 0 7 

CaO s Sn 

CaO,Sn 

CaO s Sn 

CaO a Ta 2 

Ca^Ta, 

CaO,li 

CaO,Ti 

CaO,Ti 

CaO s Ti 

CaO s Ti 

CaO,Ti 

CaOjTi 

Ca0 3 Ti 

Ca0 3 Zr 

CaO,Zr 

CaOjZr 

CaO s Zr 

CaOjZr 

CdNb 2 0 8 

CdNb a 0 8 

Cd 2 Nb 2 0 7 

Cd 2 Nb 2 0 7 

Cd a Nb a O, 

Cd 2 Nb 2 0 7 

Cd a 0 7 Ta, 

CdO s Ti 

CdO s Ti 

Ce^Li^OjTi 

CoLaO, 

Co*Nb«0« 

Co t 0 7 Ta3 

CrLaOj 

CrLaO s 

CsN0 8 


Rb 4 Fe(CN) 8 - 3H s O-K 4 Fe(CN) 6 • 3H e O 
Tl 4 Fe(CN) 8 • 3H 2 0-K 4 Fe(CN) 6 - 3H 2 0 
K 4 Fe(CN) 8 • 3H 2 G-(NH 4 ) 4 Fe(CN) 8 ■ 3H 2 0 
K 4 Fe(CN) 8 • 3H a O-Rb 4 Fe(CN) 8 • 3H a O 
K 4 Fe(CN) 8 • 3H s O-Tl 4 Fe(CN) 8 • 3H 2 0 
Rb 4 Fe(CN) 8 • 3H a O-K 4 Fe(CN) 8 • 3H 2 0 
Tl 4 Fe(CN) 6 - 3H a O-K 4 Fe(CN) 6 • 3H a 0 
NaKC 4 H 4 0 8 • 4H a O-NaNH 4 C 4 H 4 0 8 * 4H 2 0 
NaKC 4 H 4 0 8 • 4H a O-NaTlC 4 H 4 0 8 • 4H a O 
NaKC 4 H 4 0 8 • 4H a O-NaNH 4 C 4 H 4 0 8 * 4H a O 
NaKC 4 H 4 0 8 • 4H a O-NaTlC 4 H 4 0 6 • 4H a O 
NaNH 4 C 4 H 4 0 8 - 4H a O-NaKC 4 H 4 O fi • 4H a O 
NaNH 4 C 4 H 4 0 8 - 4H 2 O-NaKC 4 H 4 0 8 * 4H a O 
(NH 2 CH 2 COOH) 3 - H 2 S0 4 -(NH 2 CH 2 COOH) 3 • 
- H 2 P0 8 F 

(NH 2 CH 2 COOH) 3 • H 2 S0 4 -(NH 2 CH 2 COOH) 3 • 

• H 2 Se0 4 

(NH 2 CH 2 COOH) a • H 2 Se0 4 -(NH 2 CH 2 COOH) 3 • 

• H 2 S0 4 

NaTlC 4 H 4 O tt • 4H 2 0-NaKC 4 H 4 0 6 • 4H 2 0 

NaTlC 4 H 4 O e • 4H 2 0-NaKC 4 H 4 0 8 • 4H 2 0 

CaHf0 3 -PbHf0 3 

CaNb 2 0 6 -BaNb 8 0 8 

CaNb 2 O e -NaNb0 3 

CaNb 2 0 6 -PbNb 2 O a 

(Ca-Ba-Pb)(Nb-Ta) 2 0 6 

(^Nb 2 o 7 -cd 2 Nb 2 o 7 

CaSn0 3 -PbTi0 3 

CaSn0 3 -SrSu0 3 

CaSn0 3 -SrSn0 3 -BaSn0 3 

(Ca-Ba-Pb) (Ta-Nb) 2 O s 

Ca^a^-Sr^O, 

CaTi0 3 -BaTi0 3 

CaTi0 3 -CaZr0 3 

CaTi0 3 -NaNb0 3 

CaTi0 3 -PbTi0 3 

CaTi0 3 -SrTi0 3 

CaTi0 3 -BaTi0 8 -PbTi0 3 

CaTi0 3 -BaTi0 3 -SrTi0 3 

(Ca-Ba)(Ti-Zr)0 3 

CaZr0 3 -BaZr0 3 

CaZrO a -CaTi0 3 

CaZr0 8 -PbTi0 8 

CaZr0 3 -PbZrO 3 

(Ca-Ba)(Zr-Ti)O s 

CdNb 2 0 8 -NaNb0 3 

CdNb 2 0 8 -PbNb a O fl 

Cd a Nb 3 0 7 -Ca 3 Nb 2 0 7 

Cd^^-Cd^O, 

Cd 2 Nb 2 0 7 -Mg 2 Nb 2 0 7 

Cd 2 Nb a 0 7 -Pb a Nb 2 0 7 

Cd 2 Ta 2 0 7 -Cd 2 Nb 2 0 7 

CdTi0 3 -LiNb0 3 

CdTi0 8 -LiTa0 3 

(U l/l Ce 1/f JTiO t -PbTiO a 

LaCo0 8 -PbTi0 3 -LaMn0 8 

Co 2 Nb 8 0 7 -BaTi0 3 

Co a Ta,0,-BaTiO, 

LaCr0 8 -BiFe0 3 

LaCr0 3 -PbTi0 3 -LaMn0 3 

CsN0 3 -RbN0 8 


22B-2 
22B-3 
22B-1 
22B-2 
22B-3 
22B-2 
22B-3 
33B-1 
33B-2 
33B-1 
33B-2 
33B-1 
33B-1 

28B-2 

28B-1 

28B-1 

33B-2 

33B-2 

lC-al6 

5B-1 

!C-e3 

5B-2 

5B-15 

6B-1 

lC-b6 

10-al9 

lC-fl3 

5B-15 

6B-6 

lC-a7 

lC-a22 

IC-cl 

lC-a8 

lC-a6 

lC-f2 

IC-fl 

lC-fl5 

lC-al2 

!C-a22 

lC-b5 

10-al3 

lC-fl5 

10-e4 

5B-10 

6B-1 

6B-3 

6B~4 

6B-2 

6B-3 

lC-e7 

ir>-^7 

1 v> c / 

lC-d8 

IC-fll 

lG-ell 

lC-ell 

1C-M2 

IC-fll 

12B-4 


176 
177 
176 
176 
177 
176 
177 
198 
198 
198 
198 
198 
198 

191 

191 

191 
198 
198 
76 
99 
86 
99 
102 
106 
82 
76 
88 
102 
106 
74 
76 
83 
75 
74 
87 
87 
88 
76 
76 
82 
76 
88 
86 
101 
106 
106 
106 
106 
106 
86 
86 
85 
87 
87 
87 
83 
87 
134 


Eu a Mo s O ia 
EugMOgO^ 


(Eu-Gd) 2 (Mo0 4 ) 3 
(Eu-Tb) 2 (Mo0 4 ) 3 


35-5 
35-6 


201 
201 
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lC~a33 


82 


lC-c!2 


84 


lG-fll 


87 


lC-f5 


0 / 


!C-d23 


85 


lC-f8 


87 


lC-dll 


85 


lC-dl5 


85 


1C-C16 


84 


lC~dl 


84 






35-8 


202 


35-9 


202 


35-7 


202 


35-10 


202 


35-10 


202 


36-3 


214 


13B-1 


148 


12B-1 


134 


13B-1 


148 


13B-2 


148 


14B-1 


154 


13B-2 


148 * 


lC-al8 


76 




76 


10ndl8 


85 


lG-a29 


82 


lC-a31 


82 


10-al7 


76 


lG-f4 


87 


lC-al7 


76 


12B-3 


134 


10B-2 


127 




1 97 


10B-5 


128 


10B-2 


127 


10B-3 


127 


10B-4 


128 


10B-4 


128 


lC-fl2 


88 


12B-3 


134 


12B-1 


134 


12B-2 


134 


1C-C5 


83 


10-a4 


74 


lC-al 


73 


5B-11 


101 


1C-C6 


83 


50-b6 


103 


lC-fl4 


88 


5C-k2 


105 


lC-a5 


74 


lC-b2 


82 


lC-a4 


74 


lC-bl 


82 


lC-a5 


74 


lC-fl4 


88 


SOk2 


105 


lC-a5 


74 



FeLa0 3 
FeLaO, 
FeLaO s 
FeLa0 3 

Fe^Nb^Pb 

F ei/2 Nb l/2 0 3 Pb 

F ei/2 O a PbTa l/2 

Fe l/2 0 3 PbTa l/a 

FeO s Sr 

Fe l/2 0 3 SrTa l/2 

Gd 2 Mo 3 0 12 

Gd 2 Mo 3 0 12 

Gd 2 Mo 3 O ia 

Gd 2 Mo 3 0 12 

Gd 2 Mo s 0 12 

Gd 2 0 12 W 8 

GeTe 

H 2 K0 4 P 

H 4 N 2 0 3 

H 6 N0 4 P 

H 6 N0 4 P 

H 8 N 2 0 4 S 

H 2 0 4 PT1 

HfO s Pb 

Hf0 3 Pb 

Hf0 3 Pb 

HfO B Pb 

HfO,Pb 

Hf0 3 Pb 

Hf0 3 Pb 

HfO a Sr 

IK 

IOSb 

ISSb 

ISSb 

ISSb 

ISSb 

ISSb 

ISbSe 

InLa0 3 

KNO, 

KNO s 

KNO, 

KNbO s 

KNb0 3 

KNb0 3 

KNbO s 

KNbO s 

KNbO s 

KNbO a 

KNbO s 

KNb0 3 

KO s Sb 

KO,Ta 

K0 3 Ta 

K0 3 Ta 

K0 3 Ta 

K0 3 Ta 

KTN 



LaFe0 3 -BiFe0 3 

LaFeO s -PbTi0 3 

LaFe0 3 -PbTiO s -LaMn0 3 

LaFe0 3 -PbTi0 3 -PbZrO 3 

PbfFejyjjNb^Oj-BiFeO, 

Pb(Fe l/2 Nb l/2 )0 3 -PbTi0 3 -PbZr0 3 

Pb(Fe l/8 Ta l/2 )0 3 -PbTi0 3 

Pb(Fe l/2 Ta l/2 )0 3 -PbZr0 3 

SrFe0 3 -BiFeO s 

Sr(Fe l/2 Ta l/2 )0 3 -SrTi0 3 

(Gd-Eu) 2 (Mo0 4 ) 3 

(Gd-Nd) 2 (Mo0 4 ) 3 

(Gd-Tb) 2 (Mo0 4 ) 3 

(Gd-Y) 2 (Mo0 4 ) 3 

Gd 2 ((Mo-W)0 4 ) 3 

Gd 2 ((W-Mo)0 4 ) 3 

GeTe-SnTe 

KH 2 P0 4 -NH 4 H 2 P0 4 

NH 4 N0 3 -KNO s 

NH 4 H 2 P0 4 -KH 2 P0 4 

NH 4 H 2 P0 4 -T1H 2 P0 4 

(NH 4 ) 2 S0 4 -(NH 4 ) 2 BeF 4 

T1H 2 P0 4 -NH 4 H 2 P0 4 

PbHf0 3 -BaHf 0 3 

PbHf0 3 -CaHf0 3 

PbHf0 3 -Pb(Sc l/2 Nb l/2 )0 3 

PbHf0 3 -PbTi0 3 

PbHf0 3 -PbZr0 3 

PbHf0 3 -SrHfO a 

PbHf 0 3 -PbTi0 3 -PbO : Sn0 2 

SrHf0 3 -PbHf0 3 

KI-KNO3 

SbOI-SbSI 

SbSI-AsSI 

SbSI-BiSI 

SbSI-SbOI 

SbSI-SbSBr 

SbSI-SbSel 

SbSel-SbSI 

LaIn0 3 -BaTi0 3 -LaY0 3 -SrTi0 3 

KN0 3 -KI 

KN0 8 -NH 4 N0 3 

KN0 3 -RbN0 3 

KNbO a -BaTi0 3 

KNb0 3 -KTa0 3 

KNb0 3 -NaNb0 3 

KNb0 3 -PbNb 2 0 6 

KNb0 3 -PbTiO s 

KNb0 3 -SrNb 2 0 6 

(K-Na)(Nb-Ta)0 3 

K 0 . 6 Li 0 . 4 (Nb 0 . 3 Tao. 7 )0 3 , 

K(Nb 0 . 66 Ta 0 . 86 )O 3 (KTN) 

KSbO s -NaNb0 3 

KTa0 3 -KNb0 3 

KTa0 3 -NaNb0 3 

K(Ta ttw Nb i . M )0, (KTN) 

(K-NaMTa^Nbo^O, 

Ko.sLio^lTao.vNbtoJO, 

K(Ta 0 ., 5 Nb 0 . 65 )O 3 
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LaFe0 3 
La^Lii/aOaTi 
LaMnO s 
LaMnO s 
LaMnO, 
LaMnO, 
LaMn0 8 
LaMnOj 

La a Nb 6 0 18 

LaNiO a 

LaO,Y 

LiNbO s 

LiNbO s 

LiNbO, 

LiNb0 3 

LiNbO, 

Li l/2 Nd l/2 0 5 Ti 

LiO s Ta 

Li0 3 Ta 

Li0 8 Ta 

Mg 2 Nb a 0 7 

Mg l/8 Nb 2/3 O s Pb 

M gi/ 3 Nb 2/8 O s Pb 

Mg^OaPbW^ 

Mni^Nb^Pb 

Mn 2/3 0 8 Sn l/3 Sr 

Mn a Nb 2 0 7 

Mn 2 0 7 Ta2 

Mo 8 Nd 8 0 12 

Mo 3 0 12 Tb 2 

Mo 3 0 18 Tb 2 

Mo 8 O ia Y a 

NO s Rb 

N0 8 Rb 

NaNbO s 

NaNb0 3 

NaNb0 3 

NaNbO a 

NaNb0 8 

NaNb0 3 

NaNb0 3 

NaNb0 8 

NaNb0 8 

NaNbO, 

NaNb0 8 

NaNbO a 

NaKbO, 

NaNbO a 

NaNb0 8 

NaNbO, 

Na0 8 Sb 

Na0 8 Ta 

NaO a Ta 

NaO s V 

Nb 2 Ni a 0 7 

Nb a 0 6 Pb 

Nb a 0 6 Pb 

Nb 2 O e Pb 

Nb 2 0 6 Pb 



LaFe0 3 -PbTi0 3 
(Li l/a La l/a )Ti0 8 -PbTiO a 
LaMnO 3 -PbTi0 3 
LaMn0 3 -LaCo0 3 -PbTiO 8 
LaMnO s -LaCr0 8 -PbTi0 8 
LaMn0 3 -LaFe0 8 -PbTi0 8 
LaMnO a -LaNi0 8 -PbTiO s 
LaMnO a -PbTi0 8 -SrTi0 8 
(Na l/2 I^ 2 )Ti0 8 -PbTi0 8 
La 2 O a - 3Nb 8 0 5 -PbNb 2 0 6 
LaNi0 3 -LaMn0 3 -PbTi0 3 

LaYO 8 -BaTi0 8 -LaIn0 3 -SrTiO» 

LiNb0 8 -CdTiO s 

LiNbO 3 -LiTa0 3 

LiNb0 3 -NaNb0 8 

LiNb0 8 -PbNb 2 0 6 

Li 0 .4K 0 . 8 (Nb 0 . a Ta 0 . 7 )O 8 

(Li l/2 Nd l/2 )Ti0 8 -PbTi0 8 

LiTaO s -CdTi0 3 

LiTaO 8 -LiNb0 s 

Li o.«K 0 . 6 (Tao. 7 Nb 0 . 8 )0 8 

Mg 2 Nb 2 0 7 -€d 8 Nb 2 0 7 

Pb(M gl/3 Nb 2/8 )0 8 -PbTi0 8 %Zr0 8 

Pb{M gl/2 W l/2 )0 3 -Pb(M gl/8 Nb a/a )0 8 

PbfMg^W^O^PbTiOr 

Pb(Mn V8 Nb l/a )0 3 -PbTi0 3 

Sr(Sn V3 Mn 2/s )0 3 -BiFe0 3 

Mn 2 Nb 2 0 7 -BaTi0 3 

Mn^O^BaTiO, 

(Nd-Gd) 2 (Mo0 4 ) 8 

(Tb-Eu) 2 (Mo0 4 ) 3 

(Tb-Gd) 2 (Mo0 4 ) 8 

(Y-Gd) 3 (Mo0 4 ) 3 

RbN0 8 -€sN0 3 

RbN0 3 KN0 3 

NaNbO 3 -BaTi0 s 

NaNb0 3 -CaNb 2 0 6 

NaNbO„-<^Ti0 3 

NaNb0 3 -<x]Nb 2 0 6 

NaNb0 3 -KNb0 3 

NaNb0 3 -KSb0 3 

NaNbO a -KTa0 8 

NaNbO s -LiNb0 3 

NaNbO a -NaV0 3 

NaNb0 8 -NaSbO s 

NaNbO s -NaTa0 3 

NaNb0 3 -PbNb 2 0 6 



NaNb0 8 -PbTi0 8 
NaNbO a -PbZr0 8 
NaNb0 8 -SrNb 2 0 8 
(Na-K)(Nb-Ta)O s 
NaSb0 8 -NaNb0 3 
NaTaO a -NaNb0 3 
(Na-K)(Ta-Nb)O s 
NaVO s -NaNb0 8 
Ni 2 Nb a 0 7 -BaTi0 8 
PbNb 2 0 6 -BaNb 2 0 6 
PbNb 2 0 6 -Bi 2 0 8 • 3Nb a 0 8 
PbNb 2 0 6 -Bi 2 0 8 ■ 3Ti0 2 
PbNb 2 O fi -CaNb 2 0 6 
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1G-C12 

lC-d6 

lC~cll 

lC-fll 

lC-fll 

lC~fll 

lC-fll 

lC-flO 

lC-d7 

5B-12 

lC-fll 

lC-fl2 

lC-e7 

3B-1 

lC-el 

5B-11 

50-k2 

lC-d9 

lC-e7 

3B-1 

5C-k2 

6B-4 

lC^d!9 

lC-f7 

lC-dl9 

IC-dlO 

lC-dl3 

l(^d22 

IC-ell 

IC-ell 

35-8 

35-6 

35-9 

35-7 

12B-4 

12B-2 

iO~c2 

lC-e3 

lC-cl 

lG-e4 

lC-al 

lC-b2 

lC-bl 

IC-el 

!C-e2 

lG-a3 
!C-a2 
lC^e6, 
5B-11 
1C-C3 
1Ghc4 
!C-e5 
lC-fl4 
lC-a3 
lC-a2 
1C-H4 
10e2 
IC-ell 
5B-5 
5B-13 
5B-14 
5B-2 



84 
84 
84 
87 
87 
87 
87 
87 
85 
101 
87 
88 
86 
94 
86 
101 
105 
85 
86 
94 
105 

106 
85 
87 
85 
85 
85 
85 
87 
87 

202 

201 

202 

202 

134 
134 

83 

86 

83 

86 

73 

82 

82 

86 
86 
74 
74 
86 
101 
83 
83 
86 
88 
74 
74 
88 
86 
87 
100 
102 
102 
99 
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Gross formula 

Nb 2 0 6 Pb 
Nb 2 0 6 Pb 
Nb 2 O c Pb 
Nb 2 0 6 Pb 
Nb 2 O e Pb 

Nb 2 O e Pb 
Nb 2 O e Pb 
Nb 2 O fi Pb 
Nb 2 O e Pb 

Nb 2 0 6 Pb 
Nb 2 0 6 Pb 
Nb 2 O ft Pb 
Nb 2 O e Pb 
Nb 2 0 6 Pb 
Nb 2 0 6 Pb 
Nb 2 O e Pb 
Nb 2 O e Pb 
Nb 2 0,Pb 2 
Nb^OsPbScj/, 
Nb l/2 O s PbSc l/2 
Nb l/2 0 3 PbSc l/2 
Nb0 3 Rb 
Nb 6 0 18 Sm 2 
Nb 2 O e Sr 
Nb 2 0 6 Sr 
Nb 2 O e Sr 
Nb 2 O e Sr 
Nb 2 O e Sr 
Nb 2 0 7 Sr 2 
Ni 2 0 7 Ta 2 
Nb 2 0 18 Y 2 

0 3 PbSn 
O s PbSn 
O s PbSn 
O s PbSn 
O s PbSn 
O a PbSn 
0 3 PbSn 
O s PbSn 
O e PbTa 2 
O e PbTa 2 
0 6 PbTa 2 
. 0 6 PbTa 2 
O e PbTa 2 
O s PbTi 
O s PbTi 
O s PbTi 
0 3 PbTi 
O a PbTi 
O s PbTi 
0 3 PbTi 
O s PbTi 
O a PbTi 
0 3 PbTi 
O s PbTi 
O s PbTi 
O s PbTi 
O s PbTi 
0 3 PbTi 
O a PbTi 
0 3 PbTi 

582 



Substanzenverzeichnis 

Chemical for mula 

PbNb 2 O fi -CdNb 2 0 6 
PbNb 2 0 6 -KNb0 3 
PbNb 2 0 6 -La 2 0 3 • 3Nb 2 O s 
PbNb 2 0 6 -LiNb0 3 
PbNb 2 0 6 -NaNb0 3 

PbNb 2 0 6 -PbO:Sn0 2 
PbNb 2 0 6 -PbTa 2 0 6 
PbNb 2 O e -PbTi0 3 
PbNb 2 0 6 -PbZr0 3 

PbNb 2 0 6 -RbNb0 3 
PbNb 2 0 6 -Sm 2 0 3 • 3Nb 2 O fi 
PbNb 2 O tt -SrNb 2 0 6 
PbNb 2 0 6 -Y 2 0 3 - Wbfii 
PbNb 2 O 6 -Bi(Nb-Ti)O 0 
PbNb 2 0 6 -BaNb 2 0 6 -BaTi0 3 -PbTi0 3 

(Pb-Ba-Ca)(Nb-Ta) 2 0 6 
(Pb-Ba-Sr)(Nb-Ta) 2 0 6 
Pb 2 Nb 2 0 7 -Xd 2 Nb 2 0 7 
PbtSc^Nb^O^PbHfO, 
Pb Sc>b l/2 )0 3 -PbTi0 3 
Pb(Sc l/2 Nb a/2 )0 3 -PbZr0 3 
RbNbO 3 -PbNb 2 O 0 
Sm 2 O s • 3Nb 2 0 5 -PbNb a 0 6 
SrNb 2 0 6 -BaNb 2 0 4 
SrNb 2 0 6 -KNb0 3 
SrNb 2 0 6 -NaNbO s 
SrNb 2 O e -PbNb 2 0 6 
(Sr-Ba-Pb) (Nb-Ta) 2 O e 
SrjjNbaO.-SrgTaaO, 
NiaTajO.-BaTiO, 
Y 2 O s • 3Nb 2 0 6 -PbNb 2 0 6 

PbO:Sn0 2 -BaSn0 3 
PbO:Sn0 2 -BaTi0 3 
PbO:Sn0 2 -PbNb 2 0 3 
PbO:SnO t -PbTi0 3 
PbO:Sn0 2 -PbZr0 3 
PbO : SnO a -PbHf O s -PbTiO s 
PbO : Sn0 2 -PbTi0 3 -PbZr0 3 
(Pb-Ba)(Sn-Ti)0 3 
PbTaaCVPbNb^e 

PbTa 2 0 6 -PbZrO s 
PbTa 2 0 6 -SrTa 2 0 6 
(Pb-Ba-Ca)(Ta-Nb) 2 O e 
(Pb-Ba-Sr)(Ta-Nb) 2 O fl 
PbTi0 3 -BaSnO s 
PbTiO,-BaTi0 3 
PbTi0 3 -BaZr0 3 
PbTiO s -BiFe0 3 
PbTi0 3 -CaSnO s 
PbTi0 3 -CaTi0 3 
PbTi0 3 -CaZrO, 
PbTiO^K^Bi^TiO, 

PbTi0 3 -KNb0 3 
PbTi0 3 -LaA10 3 
PbTi0 3 -LaFe0 3 
PbTi0 3 -LaMnO s 
PbTi0 3 -(Lii/aCe l/8 )Ti0 3 

PbTi0 3 -(W 2 I*i/ 2 ) Tl °a 
PbTiO^tLi^^dj/^TiO, 

PbTiO^CNavaBii/^TiOy 

PbTiO^tNa^Lai/JTiO, 

Furuhata/Makita 



Nr. 

5B-10 
5B-11 
5B-12 
5B-11 
lC-e6, 
5B-11 
5B-9 
5B-6 
5B-7 
5B-8, 
lC-el2 
5B-11 
5B-12 
5B-4 
5B-12 
SB^-14 
1C-H9 
5B-15 
5B-15 
6B-2 
10dl8 
10dl2 
1C-<114 
5B-11 
5B-12 
5B-3 
5C-b6 
lOeS 
5B-4 
5B-15 
6B-5 
lOell 
5B-12 

lC-a21 
lC-b4 
5B-9 
10-a30 
10a32 
10f4 
lC-f3 
1C-H8 
5B-6 
lO-el3 
5B-16 
5B-15 
5B-15 
lC-blO 
lC-all 
!C-b9 
10cl3 
10-b6 
10a8 
lG-b5 
!Od5 
1C-c6 
lC-clO 
1C-C12 
lOcll 
10<i8 
lG-d6 
lC-d9 
10d4 
lC-d7 



Page 

101 
101 
101 
101 
86 
101 
101 
101 
101 
101 
87 
101 
101 
100 
101 
102 
88 
102 
102 
106 
85 
85 
85 
101 
101 
99 
103 
86 
100 
102 
106 
87 
101 



76 

82 
101 

82 

82 

87 

87 

88 

101 
87 

102 

102 

102 
83 
75 
82 
84 
82 
75 
82 
84 
83 
84 
84 
84 
85 
84 
85 
84 
85 



V Index of substances 



Page 

101 
101 
101 
101 
86 
101 
101 
101 
101 
101 
87 
101 
101 
100 
101 
102 
88 
102 
102 
106 
85 
85 
85 
101 
101 
99 
103 
86 
100 
102 
106 
87 
101 

76 
82 
101 
82 
82 
87 
87 
88 
101 
87 
102 
102 
102 
83 
75 
82 
84 
82 
75 
82 
84 
83 
84 
84 
84 
85 
84 
85 
84 
85 



Gross formula 



0 3 PbTi 

0 3 PbTi 

0 3 PbTi 

0 3 PbTi 

O s PbTi 

O s PbTi 

O s PbTi 

0 3 PbTi 

0 3 PbTi 

O s PbTi 

O s PbTi 

0 3 PbTi 

0 3 PbTi 

0 3 PbTi 

O s PbTi 

O s PbTi 

O s PbTi 

O s PbTi 

0 3 PbTi 

O s PbTi 

O s PbTi 

O s PbTi 

0 3 PbTi 

O s PbTi 

O s PbTi 

0 3 PbTi 

O a PbTi 

O a PbTi 

O s PbTi 

0 3 PbTi 

O s PbZr 

O a PbZr 

0 3 PbZr 

O s PbZr 

0 3 PbZr 

0 3 PbZr 

0 3 PbZr 

O s PbZr 

0 3 PbZr 

O s PbZr 

(XPbZr 



0 3 PbZr 

0 3 PbZr 

O s PbZr 

0 3 PbZr 

O s PbZr 

0 3 PbZr 

0 3 PbZr 

0 3 PbZr 

0 3 PbZr 

0 3 PbZr 

0 3 PbZr 

O s PbZr 

0 3 PbZr 

O s PbZr 

O s SnSr 

0 3 SnSr 

O s SnSr 

O s SnSr 

O s SnSr 

0 6 SrTa 2 

0 6 SrTa 2 

0 7 Sr 2 Ta 2 



Chemical formula 



Nr. 



PbTiO s -NaNb0 8 

PbTi0 3 -PbHf0 3 

PbTi0 3 -Pb(M gl/2 W l/2 )0 3 

PbTi0 3 -Pb(Mn l/2 Nb l/2 )0 3 

PbTi0 3 -PbNb 2 O fi 

PbTi0 3 -PbO:Sn0 8 

PbTi0 8 -Pb(S Cl/2 Nb l/2 )0 8 

PbTi0 8 -PbZrO 3 

PbTi0 3 -SrSn0 3 

PbTiO s -SrTi0 8 

PbTi0 3 -SrZrO 3 

PbTi0 3 -AB0 3 -PbZrO 3 

PbTi0 3 -BaTi0 3 -CaTi0 3 

PbTi0 3 -BiFe0 3 -PbZr0 3 

PbTiO s -LaCo0 8 -LaMn0 8 

PbTi0 3 -LaCr0 3 -LaMn0 3 

PbTi0 3 -LaFe0 3 -LaMn0 3 

PbTi0 3 -LaFeO,-PbZr0 3 

PbTi0 3 -LaMn0 3 -LaNi0 3 

PbTi0 3 -LaMn0 3 -SrTi0 8 

PbTi0 3 -Pb(Fe l/2 Nb l/2 )0 8 -PbZr0 8 

PbTi0 3 -PbHf0 3 -PbO : SnO, 

PbTiO s -Pb(Mg l/3 Nb 2/3 )0 3 -PbZr0 8 

PbTiO s -PbO : Sn0 2 -PbZr0 3 

PbTi0 3 -BaTi0 3 -BaNb 2 0 6 -PbNb e O B 

(Pb-Ba)(Ti-Sn)0 3 

(Pb-Ba)(Ti-Zr)0 3 

Pb(Ti-Zr)0 3 

(Pb-Sr)(Ti-Zr)O a 

PbZr0 3 -BaTi0 3 

PbZr0 3 -BaZr0 3 

PbZrO s -BiFe0 3 

PbZr0 3 -CaZrO 3 

PbZr0 3 -(K l/2 Bi l/2 )Zr0 3 

PbZr0 3 -(Na l/2 Bi l/2 )Ti0 3 

PbZrO^fNa^Bi^ZrO, 

PbZr0 3 -NaNb0 8 

PbZr0 3 -Pb(Fe l/2 Ta l/2 )0 3 

PbZr0 3 -PbHf0 3 

PbZr0 3 -PbNb 2 O 6 

PbZr0 3 -PbO:Sn0 2 
PbZr0 3 -Pb(Sc l/2 Nb l/2 )0 3 
PbZr0 3 -PbTa 2 0 6 
PbZr0 8 -PbTiO s 
PbZr0 8 -SrZrO s 
Pb(Zr-Ti)0 8 (PZT) 

PbZr0 3 -AB0 8 -PbTi0 8 
-"Ri wn __PhTi r 



Page 



PbZr0 8 -LaFe0 3 -PbTi0 3 

PbZr0 3 -Pb(Fe^ 2 Nb V2 )0 3 -PbTi0 3 

PbZrO^PbfMg^Nb^JO^PbTiO- 

PbZr0 8 -PbO : Sn0 2 -PbTi0 3 

(Pb-Ba)(Zr-Ti)0 3 

(Pb~Sr)(Zr-Ti)0 3 

SrSn0 8 -BaSnO s 

SrSn0 3 -BiFe0 3 

SrSnO s -CaSn0 3 

SrSn0 3 -PbTiO s 

SrSn0 3 -BaSn0 8 -CaSn0 3 

SrTa 2 0 6 -PbTa a 0 6 

(Sr-Ba-Pb)(Ta-Nb) 2 O e 

Sr 2 Ta 2 0 7 -Ca 2 Ta 2 0 7 



1C-C3 

lC-dll 

lC-a29 

lC-dlO 

lC-dl3 

5B-7 

lC-a30 

lC-dl2 

lC-a27 

lC-b8 

lCUalO 

lC-b7 

\C-i9 

lC-f2 

lG-f6 

lC-fll 

\c-m 

lC-fll 

10f5 

lC-fll 

lC~fl0 

lC-f8 

lC-f4 

lC-f7 

lC-f3 

1C-H9 

lC-fl8 

lG-fl7 

lC~a28 

lG-fl6 

lC-b3 

!C-al5 

1C-C14 

lC^al3 

lC-dl7 

lC-d21 

lC-dl6 

1C-c4 

lC~dl5 

lC-a31 

5B-8, 

lC~el2 

lC-a32 

lC-dl4 

lC-el3 

lC-a27 

lC-al4 

lC-na28 

lC-f9 

lC-f6 

lC-f5 

lC-f8 

lC~f7 

lC-f3 

lC-fl7 

lC-fl6 

lC-a20 

1C-C15 

lC-al9 

!Ob8 

1CM13 

5B-16 

5B-15 

6B-6 



83 
85 
82 
85 
85 
101 
82 
85 
77 
82 
75 
82 
87 
87 
87 
87 
87 
87 
87 
87 
87 
- 87 
87 
87 
87 
88 
88 
88 
78 
88 
82 
76 
84 
76 
85 
85 
85 
83 
85 
82 

101 i 

87 

82 

85 

87 

77 

76 

78 

87 

87 

87 

87 

87 

87 

88 

88 

76 

84 

76 

82 

88 
102 
102 
106 
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V Substanzenverzeichnis 



Gross formula 


1 Chemical formula 


OyS^Ta, 

O t SrTi 

OjSrTi 

OjSrTi 

OjSrTi 

0,SrTi 

O 9rTt 
v^jor j. i 

O s SrTi 

O s SrTi 
OjSrTi 
OjSrZr 
OjSrZr 
OjSrZr 


Sr a Ta 2 0 7 -Sr 2 Nb 2 0 7 

SrTiO a -BaTiOj 

SrTiOj-BiFeO, 

SrTiOj-BijO, • 3Ti0 2 

SrTKVCaTiO, 

SrTiOj-PbTiOj 

SrTiOj-Sr(Fe l/2 Ta l/8 )0 8 

SrTiOj-BaTiOj-CaTiOj 

SrTiOj-LaMnOj-PbTiOj 

SrTiO ft -BaTiO--LaTnn t ova 

(Sr-Pb)(Ti-Zr)0 3 * 

SrZrOj-PbTiOj 

SrZrOj-PbZrO, 

(Sr-Pb)(Zr-Ti)0 3 


PZT 


Pb(Zr-Ti)O s 


SnTe 


SnTe-GeTe 



Nr. 


Page 


6B— 5 


106 


lv — d7 


75 


1CUr7 
i v> — C / 


83 


1p_pp 
Iv-co 


86 


lC-a6 


74 


lC-alO 


75 


lC-dl 


84 


tC-il 


87 


lC-flO 


O/ 


lC-fl2 


88 


1C-H6 


88 


!C^b7 


82 


lC-al4 


76 


10fl6 


88 


lC-a28 


78 


36-3 


214 
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II 7 Layer-structure oxides Figures p. 375 ff, 



7 Layer-structure oxides 






7A Pure compounds of simple type 




Nr. 7A-1 Bi 8 TiNbO 


* 






la 


Dielectric anomaly associated with a phase transition was reported by Isuailzade in 
I960. 


601 1 


b 


phase 


11 


I 






state 




pa) 


*)60U 




crystal system 


orthorhombic b ) 


tetragonal^) 


*)62S17 




space group 


Fmm2-C# 


I4/mmm-DJJ 






e* 


900 


950 °P>) 






e = 6.4 ■ 10» kg m-s 

a = 5.40 A, & » 5.44 A, c = 25.1 A at RT. 


62S17 


4 


Temperature dependence of lattice parameters: Fig. 868. 
linear thermal expansion: Fig. 869. 




5a 


Dielectric constant: Fig. 870. 
x « 100 at RT. 

The dielectric constant was not measured in the vicinity of the transition point be- 
cause of high conductivity. Extrapolation of the Curie temperatures of the solid 
solution system obtained by the dielectric measurements indicates a transition tem- 
perature between 900° and 950 °C for Bi s TiNbO 0 . 


61S11 


Nf. 7A-2 BiaTiTaO, 








la 


Phase transition similar to that of Bi s TiNb0 9 was reported by Subbarao in 1962. 


O^O 1 f 


b 


phase 


II 


I 






state 




P 






crystal system 


orthorhombic 


tetragonal 






space group 


Fmm2-CJ» 


14/mmm-DJJ 






© 


870 *C 


62S17 




g = 8.5 • 10' kg 

a = 5.39 A, b/a = 1.007. c = 25.1 A at RT. 




4 


linear thermal expansion: see Fig. 869. 




5a 


Dielectric constant: x « 140 at RT. 


62S17 


Nr.7A-3 CaBiftNbiO, 






la 


Dielectric anomaly associated with a phase transition was discovered by Ismailzadb 
in 1960. 


6011 


b 


phase 


II 


I 






state 




P 






crystal system 


orthorhombic 


tetragonal 






space group 


Fmm2-CJJ 


I4/mmm-DJJ 






0 


625 


°C 


6011 




q = 5.0-10' kg 
a = 5.39 A. 6/a 


« 1.006, c = 25.15 A at RT. 


62S17 


4 


Temperature dependence of lattice parameters : Tab, 104. 




5a 


Dielectric constant: Fig. 871. » 


«* 80 at RT. 


62S17 


* According to 1601 f] 9 is 600 ••■ 650 °C 












Furuhata 4 


107 



T 


20 


a 


5.442 


b 


5.4825 


c 


24.920 


b/a 


1.0075 


V 


743.5 


a 


5.435 


b 


5.468,, 


c 


, 24.970 


b/a 


1.006 


V 


742.0 


T 


450 



100 



150 

5.453 
5.484 
24.955 
1.0056 
746.0 



5.438 
5.471 
24.980 
1.006 
743.2 



200 


) 250 


J 300 


J 350 


| 400 


| °C 


CaBi 8 Nb 8 0, 












5.458 




5.465 




A 




5.487 




5.491 




A 




24.990 




25.035 




A 




1.005, 




1.0047 








748.5 




751.0 




A» 


CcoBVTaA 










5.444 
5-475 6 
25.015 
1.005 8 
745.6 




5.452 
5.479 
25.040 
1.005 
748.0 




5.464 
5.482, 
25.060 
1.003,, 
750.6 


A 
A 
A 

A» 



5.470 
5.483, 
25.070 
1.00^ 

. 751.9 
Nr 7A-4 c & Lr 



la 
b 



£1£g^Wy associated wath a phase transition was discovered 
phase 



by ISMAILZADK 



5a 



! 7a 



state 






I 




P 


°rthorhombic 


tetragonal 



e2C * u ^ — 



108 



61S11 
*)62S17 

62S15 



62S17 



62S17 
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II 7 Layer-structure oxides 



Figures p. 376fF. 



Nr. 7A-6 SrBiiTaaO, 



la 


Ferroelectricity 


in SrBi^TajO, was reported by Smolensxu in 1961. 


61S11 


D 


phase 


II 


I 


61S11 




state 


F 


P 






crystal system 


orthorhombic 


tetragonal 






e 


310 °C 






S = 7.5-10*kgm- 8 . 

a «= 5.512 A, b/a « 1.000, c = 25.00 A at RT. 


61S11 
62S1S 


5a 


Dielectric constant: Fig. 874. x at 180 at RT. 
x = C/(T - Op), C « 2.0 • 10* °C, © p = 190 °C. 


62S17 


c 


Spontaneous polarization : P 8 — 


5.8 -10-* Cm- 11 at 25 °C. 


62S17 


7a 


Piezoelectric constant: — 2.3 




62S17 



Nr.7A-7 BaBijNbjOj 



Dielectric anomaly associated with a phase transition was discovered by Smolbnskii 
in 1961. 



phase 



state 



crystal system 



II 



orthorhombic 



tetragonal 



q = 6.3-10'^m- 1 . 
a = 5.554 A, b/a = 1.000, c 



210 °C 
200») 6 C 

< 25.60 A at RT. 



5a Dielectric constant: Fig. 875. x — 280 at RT. 
Nr.7A-8 BaBigTaaO, 



61S11 



61S11 
*)62St7 

62S15 



62S17 



5a 



Dielectric anomaly associated with a phase transition was discovered by Smolknskit 
in 1961. 



phase 



state 



crystal system 



II 



orthorhombic 



tetragonal 



& 110*) °C 

According to [61S11] B is 70 °C. 
6 = 8.4- 10»kgm- a . 

q s = 5.556A t &/a = 1.000, c = 25.50 A at RT. 



Dielectric constant: Fig. 876. x = 400 at RT. 
Nr.7A*9 PbSlgNbsOe 



61S11 



61S11 

*)62S17 
61S11 

62S15 



62S17 



la 


Dielectric anomaly associated with a phase transition in PbBLNb a O« was reported 
by Smolensk!! in 1959. 


S9S8 


b 


phase 


II 


I 






state 




P 






crystal system 


orthorhombic 


tetragonal 


59S8 




e 

Q = 7.6 ■ 10» kg 
o = 5.488 A, bjc 


526 °C 
550*) °C 

m- 3 . 

i = 1.002, c « 25.55 A at RT. 


*)61S1S 
62S15 




Crystal structure: Fig. 877. 




4 


Temperature dependence of lattice parameters: Fig. 878. 


k 


5a 


Dielectric constant: Fig. 879. x = 170 at RT. 
x = C/(T - 6 P ). C = 1.3 • 10* °K, 0 P = 510 e C. 


62S17 


7a 


Piezoelectric constant: — 1.5 


• lO-^CN" 1 . 


62S17 
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Figuren S. 377ff. 
[Nt.7A-10 PbBijT^O, 



II 7 Oxide mit Schichtstruktur 



Ferroelectricitywas reported by Subbakao-) and S*OLENSKn*) independently in 19o7 



state 


F 


crystal system 


orthorhombic 



tetragonal 



9 = 9.0 • 10* kg m-» 
g == 5.496A, 6/a = l. QQQ. c 
Dielectric 




*)6fSfS 
*)61S11 



61S15 
61S11 



2a 



5a 
c 



Ferroelectricity in Bi,Ti,0„ was reported by Van TJitbri et al. in 1961 



state 


F 


crystal system 
a 


monoclinic*)* 
(pseudo-orthorhombic) 



tetragonal 



ReLations between crystaUograpnic axes: Fig. 881. 
P a lies ra a direction tilted at approximately 7° for less* f mm 
face m a plane para llel to the ^£^^ ^2 JS*^ ' ^ 



Ogstal growth: U>oung method from melt consisting of 100 Bi, Q> and 5 TiO, (weight 



61V2 

61V2 
*)67C6 



Crystal structure: Fig. 882 " ' 

Temperature dependence of lattice parameter- Fur 883 
Thermal expansion: Fi*. 884 F ^ 0< "- 



expansion: Fig. 88 4. 

ic constant: Fig. 885. — 

P a and £ c : Fig. 886, 887. 



Piezoelectric constant: = 2.0 • 10~ 11 C N-». 



Conductivit y: see 
Domain i 



structure: see 

Domains have been observed by polarized light. 
Switching: Fig. 888. 889. 
See also Fig. 892, Tab. 105 an d: 
Twinning i 



67C6 



61V 2 



63T1 
67C6 



61S17 



64P3 



64P3 
66C7 



E structure: see 
|Nr.7A-12 BaBVTisNbOM 
la 
b 



state 




crystal system 


pseudo-tetragonal 



270 °C 



tetragonal 



66PS 
64PS 

61S15 
61S15 



3.874 A, e = 33.70 A at RT. 
Nr.7A-13 PbBigTiaN bOa 

* Point group is m. 
110 

Fufuhata/Nomura 



II 7 Layer-structure oxides 



Figures p* 379 



lb phase 



state 



crystal system 



II 



pseudo-tetragonal tetragonal 



a = 3.687 A, c = 33.55 A at RT. 
Nr.7A-14 BaBi 4 Ti 4 O l6 



290 °C 



61S15 
61S15 



la 



5a 



7a 



14b 



Dielectric anomaly associated with a phase transition was reported independently by 
Subbarao*) and by Smolbnskii 1 *) in 1961. Ferroelectric activity was reported in- 
dependently by Fang et al. in 1961 c ). 



phase 


ii 


I 


state 


F 


P 


crystal system 


orthorhombic 
(or pseudo-orthorhombic) 


tetragonal 


e 


375 
395») 


°C 
°C 



q « 5.7- 10 8 kgm-» 

a » 5.461 A, b/a = 1.000, c = 41.85 A at RT. 



Crystal structure: Fig. 890. 



Dielectric constant: Fig. 891. x 150 at RT. 
x = Cf{T - e p ), C ^ 2.5 - 10 s «K, 8 P « 335 °C. 



Piezoelectric constant; ^-2.3' 10~ u C N -1 . 



*)61SfS 
*)61S11 
*)61F7 



61F7 

*)61S1$ 
62S1S 



61S15 



62S17 



Switching: Fig. 892; Tab. 105. 

Tab. 105. BaBLTi^Oja, Ba^BiiT^O^ BuTijO^, BaTiO s (for comparison). Switching parameters in 
comparison with those of BaTi0 4 [62F/]. ^ = *«> exp( +«/£), i t = switching time 





BaTiO s 


BuTi,O u 


BaBi^T^Ois 


Ba^B^T^Ow 




oc 


6.1 


41 


23 


76 


10 s Vm- 1 


too 


0.4 


io- a 


1.5 


io-» 


(A sec 



Nr.7A-15 PbB^T^O^ 



Dielectric anomaly associated with a phase transition was reported by Sttbb a-rao in 1961 . 
phase II 



state 



crystal system 



orthorhombic 
(possibly) 



tetragonal 



570 °C 
q = 6.6 • 10-* kg m- 3 . 

a - 5.437 A, b/a = 1.000, c = 41.35 A at RT. 



61S15 



61S15 



62S1S 



5a 



Dielectric constant: Fig. 893. x = 220 at RT. 

x c/(T - e p ), c 1.4 - 10 s °c, e 9 = 552 °c. 



61S1S 
62S17 



7a Piezoelectric constant: d a — 2.3 ■ 10~ u C N* 1 . 
Nr.7A-16 StBVH«O u 



62S17 



la 
b 



5a 
7a~ 



Dielectric anomaly associated with a phase transition was reported by Subb arao in 1 96 1 . 
phase 



state 



crystal system 



II 



orthorhombic 
(possibly) 



I 



tetragonal 



530 °C 
q » 5.2 • 10 s kg m-». 

a = 5.428 A, hja = 1.000, c = 40.95 A at RT. 



Dielectric constant: Fig. 894. x => 190 at RT. 
x = C/(T - 3 p ). C = 0.68 * 10 5 °C, e p = 485 °C. 



61S15 



61S15 



62S17 
62S15 



62S17 



Piezoelectric constant: d a = 1.5 • 10 _w C N _l . 



62S17 



Furuhata/Nomafe 
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Rguren S. 379ff. 



II 7 Oxide mit Schichtstruktur 



Nt.7A-17 CaBi^O* 



la 
b 


xS^SSs inv f st ?& ated by Subbarao in 1962. ' 

No dielectric anomaly has been detected 

S^^fem^ 418 A ' lla * « = 40 ^ A at RT. 


*2S/7 




Dielectric constant: Fig. 895. * = 120 at RT ~~ 





Nr.7A-18 BigTijGaOis 



B^GaO^s was investigated by Subbarao in 1962. 
No dielectnc anomaly has been detected 

.ffi?3^ b,a ~ 10 ° 6 ' C - 4105 A at RT < 

Dielectric constant: * = 150 at RT. 



62S17 
62S1S 



5a 



Nr.7A-19 Ba^BVKjOu 



phase 


II 


I 


state 


F 


P 


crystal system 


orthorhombic 


tetragonal 



5a 



14b 



Ferroelectric activity of Ba 8 Bi 4 Ti 8 0 18 was observed by Aukiviluus in 1962. 



325 °C 



a = 5.527 A, b = 5.514 A, c = 50.37 A at RT 
Crystal structure: Fig. 896; Tab. 106. 



Temperature dependence of lattice paramet er: Fig. 897. 
Dielectric constant: Fig. 898. 
*' =360. «" =22atRT. 

Remanent polarisation: P t = 2 • 10~* C m-» at RT 
Coercive field: E t = 1.0 . fo> V m -" at RT. 



Switching: see Fig. 892; Tab. 105. 
Tab 



^62A^^ 0a ' F ^nal coordinates of atoms 
Space group of I4/mmm was assumed. 





I4/mmm 


[ (0,0,0; 1/2,1/2,1/2) + 




4Bi in4(*): 
4 (Bi. Ba) in 4(e) : 
4(Bi,Ba) in 4(e): 
2Ti in 2(6): 
4 Ti in 4(e) : 
4 Ti in 4{«) : 
4 0 in 4(c) : 
4 0 in 4(d): 
4 O in 4(c) : 
4 0 in 4 *); 
4 0 in4(<5): 
8 0 in8(£): 
SO in8(iJ: 


±0, 0,i: 

±0, 0, 1/2 

0, 1/2.0; 1/2,0,0 
0. 1/2, 1/4; 1A 0, 1/4 

±(0, 1/2. z\ 1/2, 0.*) 


z = 0.2255 
z = 0.0420 
z = 0.1300 

* = 0.3370 

* = 0.4185 

* = 0.2962 

* = 0.3378 
z = 0.4593 
z « 0.0815 
z = 0.1630 



Nr.7A-20 Pb !1 Bi 4 Ti,0 1( , 

ferroelectric activity in Pb.Bi^TisO,, was observed by Subbakao ta 



62S17 



62 A $ 



62A5 
6315 



62 A 5 
62 AS 



state 


F 


crystal system 


orthorhombic 
(possibly) 



1962. 



tetragonal 



310 °C 
Q =6.6- 10* kg ni-*. 

« - 5.461 A, b/a = 1.000, c = 49.70 A at RT. 
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62S17 



62S17 
62S15 



II 7 Layer-structure oxides 



Figures p. 380AL 



5a 



Dielectric constant; Fig. 899. x — 400 at RT. 
* = C/{T - C = 4.1 - W °K, @ p = 280 °C. 

Spontaneous polarization: P t 6 • 10~ 2 C m~* at 235 °C. 



7a Piezoelectric constant: = 2.5 • 10~ u C N" 
Nr.7A-21 SfgBVTijAa 



62S17 
62S17 



62S17 



Ferroelectric activity in SrjBi^T^O^ was observed by Subbarao in 1962. 
phase 



state 



crystal system 



e 

Q = 
a = 



II 



orthorhombic 
(possibly) 



tetragonal 



5.3 * 10* kg m-». 
5.461 A, b/a ~ 1.000, c 



285 °C 



48.80 A at RT. 



62S17 



62S17 
62S1S 



5a 



Dielectric constant: Fig. 900. h = 280 at RT. 
x = Cf[T - © p ). C « 0.47 • 10 s °K, B p = 255 °C. 

Spontaneous polarization: P a — 3.5 » 1Q-* C m~* at 255 °C. 



62S17 
62S17 



7a 



Piezoelectric constant: d n = 2.5 • 10" 1 * C N _1 . 



62S/7 



Nt.7A-22 BiaT^O^ 



la 



b 


phase 


III 


ii 


I 




crystal system 


monoclinic 


monoclinic 






space group 


C2/C-C& 


C2/m-Cft 





Dielectric anomaly associated with a phase transition was observed in BijT^O!! by 
Subbarao in 1962. 



250*) 1200*) °C 

g = (6.12 ± 0.02) • 10 8 kgm-». 

a = (14.612 ± 0.006 )A, b = (3.799 ± 0.004) A, c = (14.946 ± 0.006) A 
0 = (93.13 ± 0.01)° at RT. 



62S16 
6SJ4 



*)62S16 

65J4 
6SJ4 



Crystal structure: Z = 2 in phase II. Z = 4 in phase III. Fig. 901, 902; Tab. 107. 



6SJ4 



Thermal expansion: Fig. 903. 



Dielectric constant: Fig. 904. 

No hysteresis loops could be obtained between 25 °C and 290 °C. 

Tab. 107. Bi^T^O^. Atomic parameters at RT [65 J 4] 



62S16 



Atom 



0.0 

0.1828 ± 0.0024 
0.1408 ± 0.0024 
0.0814 ± 0.0024 
0.2662 ± 0.0024 
0.0546 ± 0.0024 
0.0530 ± 0.0006 
0.1461 ± 0.0006 
0.3211 ± 0.00015 

Thermal parameter B = 0.33 A 8 for all atoms. 



0(4) 
05) 
06) 
Ti(l) 
Ti(2) 
Bi 



0.262 ±0.012 0,250 

0.246 ± 0.007 0.2207 ± 0.0024 

0.256 ± 0.007 0.0338 ± 0.0024 

0.760 ± 0.007 0.1259 ± 0.0024 

0.747 db 0.007 0.0880 ± 0.0024 

0.770 ± 0.007 0.9221 ± 0.0024 

0.250 ± 0.002 0.1406 ± 0.0006 

0.759 ± 0.002 0.0162 ± 0.0006 

0.1747 ± 0.0005 0.1798 ± 0.00015 

Coordinates and standard deviations in cell fractions. 



7B Complex compounds and solid solutions 

Nr. 7B-1 Bis^Mei+Ti^b^Oo <Me*+ - Ba, St, Pb) lb 



Lattice parameter: Fig. 905. 
Transition temperature: Fig. 906. 



Nr. 7B-2 Bi 4 _ s Mei+Ti,.^b t 0 ls (Me a + = Ba, Sr, Pb) lb 



Dielectric constant: Fig. 907. 

Lattice parameter: Fig. 908. 
Transition temperature: Fig. 909. 



Dielectric constant: Fig. 910. 



* The unit cell of phase II has about half the volume of the unit cell of phase III. 



LaiidaU-BSrrat«n. Neite Scric IH/3 
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113 



# • 

Figuten S. 382 ff. II 7 Oxide mit Schichtstruktur 



Nr.7B-3 Na 0 . 5 Bi,. 5 Ti 4 O 14 


la 


Dielectric anomaly associated with a phase transition was reported by Subbarao in 
1962. 


62S17 


b 


phase 


II 




I 








state 






P 








crystal system 


orthorhombic 


tetragonal 








e 


650 °C 






62S17 




q = 6.3- 10«kgm- 8 . 

a = 5.427 A, b/a = 1.006, c = 40.65 A at RT. 




62S15 


5a 


Dielectric constant: Fig. 911. x 
x - c/(r - ©J, C = 0.79 - 10 s 


= 200 at RT. 
°K, © p = 610 °C. 






7a 


Piezoelectric constant: = 1,0 


*io- 


■«CN-i 




62S17 


Nr. 7B-4 K^Bi^TV^ 










la 


Dielectric anomaly associated with a phase transition was reported by SiJbbarao in 
1962. 


62S17 


b 


phase 


II 




I 








state 






P 








crystal system 


orthorhombic 


tetragonal 








e 


550 "C 






62S17 




q = 6.7-10* kg m~*. 

a = 5.440 A, b/a = 1.004, c = 41.15 A at RT. 




62S15 


5a 


Dielectric constant: Fig. 912. x — 140 at RT. 
x « C/(T - ©p), C = 0.74 - 10 s °K, B p « 515 °C. 


62S17 


7a 


Piezoelectric constant: = 1.0 


•10- 


u C N~ l . 




62S17 


Nr.7B-5 (Pb 1 -»Ba !r )Bi 2 Nb 8 O t and (Pb 1 _ r Sf x )Bi 9 Nb a 0 9 lb 


Transition temperature: Fig. 913. 










5 


Dielectric constant: Fig. 914. 


Nr.7B-6 (l^B^Ti^ - xBaTiO, 




5 | Transition temperature: Fig. 915. 


Nr. 7B-7 Bi^^b^Tit-sGajO^ 










la 


Another formula for this solid solution is (1 — jrJPbBi/r^O!. * xBl^ifi^O^. Prop- 
erties of this solid solution were studied by Subbarao in 1962. 
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600 °C 








Pseudo-tetragonal cell parameter: a — 
Dielectric constant: x — 180 at RT; x 


3.842 A, c = 41.40 A at RT. 
= 3035 at 6. 
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620 °C 








Pseudo-tetragonal cell parameter: a = 
Dielectric constant: x = 179 at RT; x 


3.842 A. c = 41.40 A at RT. 
= 1930 at Q. 
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Mixed bismuth oxides with layer lattices 
I. The structure type of CaNbgBia*^ 
IJy Bengt Atraavn-Lros 

With 6 figures in the text 



\ In the course of a comprehensive inv Ration of mixed bismuth oxide* 
•the system Bi a 0 3 -Ti0 a was studied. At about 40 atomic % of ^ * P™ 8 | 



: structure was built up 01 x>i 2 u 2 jkuwu. ~ ~~ _ . T '. n a_ a i. ftA f« 

• r ^ -D- rrv fva-: htl fl tomio arrangement within the Bi a Ti s Uio sneets 

> iSSST tht£mfas ^cTesTT^^kite type and 
■ S tL be described as consisting of 0,0?+ layers between which double 

• P TSmpt was^lT^e to synthesize compounds where the HW hp- 
^^atTwiS single perowsMte layers. The general formula for such compounds 

,tTbe^eS to be: QUBfaA* ^^*TnTSwX 
^ rttucture could be prepared with Me: NaKCaBa Sr Pb R: Ti Wb la. 
•^roTdu^T W^gned P amounts of the appropriate f^°^™^Z 
•mixed and heated in platinum, or gold crucibles to about 1000 C. A number 
Tlom^unds with the general formula (Bi, Me) 6 K 4 0 18 were prepared. Out 
' of SStSl i ouTwmg were found to have a body-centered tetragonal or pseudo- 
Vtetr^wf^TThe real unit cells, however, appeared to be face-centered- 
orthorlioinbic. 



! 

Composition 


Orthorhoiabio description 


Pserado -tetragonal 
description 


a 


6 


0 


a 

t 


c 


BiaNbTi0 8 

BiaTaTiOo . . . . . 
0aBi,Kb»O B . . . - 
8rBiaNbftOft . . . • 
8rBi s TaaO 0 ♦ . - . 
BaBi^NbsOe • • . • 
PbBi*Nb»0 9 .... 
KBi^Nb^xa .... 
NaBifiNb^u . . - . 


6.405 
5.402 
5.436 
5.504 
5.509 
5.533 
5.492 
5.506 
6.47 


5.442 
5.436 
5.485 
5.504 
6.509 
5.533 
5.503 
5.506 
5.47 


25.11 
25.16 
24.87 
25.05 
25.06 
25.65 
25.53 
26.28 
26.94 


3.836 

3.832 

3.860 

3.892 

3.896 

3.912 

3.887 * 

3.893 

8.87 


25.11 
25.16 
24.87 
25.06 
25.06 
25.65 
25.53 
25.26 
26.94 
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B . axjbivhjjus, Mixed bismuth oxides with layer latticus 

Single crystals were prepared from the PbB^O, and BiaNbTi0 9 phases.-^ 
We^berg photographs of Okl and 1*1 (pseudo-tetragonal cell) were > taken. . 
Ke po^de? photographs of Bi^TiO, (Table 6a) tie reflections , 1 10 Slljgg* 
215 220 and 310 were clearly split up. No cleavage was found ^ f or the,^- 
reflections 101, 201, and 301, (in all cases ^udo-tetragonal indices). From|v* 
tlx it was concluded that the structure might be describ ed by means of gg^; 
orthorhombic unit cells, having the same « as the ^ d ^ te ^? nal 1 ? e ^S^; 
and a and 6 axes equal to the diagonals of the pseudo-tetragonal celk Using rd| £ 
orthorhombic units the Weissenberg photographs register hh I and A, h+2, l.-.t0&j 
In Table 6 a the jrin« 6 of Bi^TiO, are calculated on the assumption of an|^;. 

^r^n^ occur between the intensities of the spots as found fcW 
the Weissenberg photographs (first layer) and in the powder f^^m^Wti. 
Se Weissenberg photographs (h, h+2,l), no difference was found ^betw«m *^M, 
tions hkl and hhl From the powder photographs it is seen that 024 migh%p- 
£<204 ^nd that 3U<13i and SHKlSU. The reason might be^J| 
the orientation of the powder. 

PbBL,Nb 2 0 9 phase 

The powder photographs of PbBi^O, (Table 6b) could be plained as^| 
miming V tetragonal cell with a = 3.887 A and c = 25.53 A, but for two lme^ 
Bunuug a «* - j,„„*„j ot, nrf.^rlmmWp. miit cell with axes a — 5.492 v3 



bebZsplit up, which indicated an. orthorhombic unit cell with axes a ~ 
S.S and c = 25.53 A. As in Bi 8 NbTiO„ it was thus assumed that the^ * 
rU symmetry is V^-mmm, though nothing in the Weissenberg photographist.; 
Sdica^ kwer LaSe symmetry than D V ^-^ d ^ ™*M 

7 91 thus allowing 4 formula tmits/uiiit ceil (cW = o.M). m 

WiHhe exception of the criterion for face-centering that hkl ^urn^on^ 
with h, k,l all odd or all even, no systematic extoctions were found. Thisis^. 
characteristic of the space groups D a and CSS- ■■**»* 



Positions of the metal atoms 



As the scattering factors for the Pb and the Bi atoms are almost the f^$L , 
it ntXence in the intensity calculations wh ether the Pband ^ 

Bi atoms occupy separate positions or are mixed at random. Therefore no^^ 
dffe^eZ wfflbe made between Pb and Bi; they will both be denoted by Bfc Ml 
^TStSties of the reflections seemed to depend maimy on the value ofl^ ; 
(sefTaSeTrit therefore seemed probable that at least the Me and the NJ^ 
ito^ns are pi along ti» Unes: (000; .HO; $04; OH) + 00i5 - ^^g? 
2 loo, cos 2«lz and ^Im <*» 2 * 1 * ™ U ™ der 8udl °° adltl0M "P"*"* ^ : 

Patterson function aloi 00,. In Fig. la these sums are plotted as ta^Sp 
S 'Tit is seen from the graph that high maxima occur for * = 0.20 antt.^ 

2 The^unit cell of PbBiaNbA contains 12 Me atoms and 8 Nb atoms 

K thespace groups ale assumed to be D£, Dl or ; o or b, ^ato**^ 
of placing 12 Me atoms on the lines 00* is in one 4-fold and ^JjWj**?, 
tionWrtb. these assumptions the only 4-fold positions possible are 000 or 00*^ . 
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To&fe la 

Weissenberg Photographs of PbBialN^Og. Cu K« radiation 

The crystals form very thin plates, and therefore considerable absorption occurs. Spots 
in the vicinity of the lines described by Wjetxs (2) will therefore be weakened. The regions 
0 f maximum absorption are denoted by dotted lines. In the tables 1, 2 and 3 pseudo- 
tetragonal indices are used, and observed and calculated intensities for the reflections; 0 0 2, 
102, 1 1*> 20/, and 21 1 are given. With orthorhombic description these reflections would 
have been denoted by; 00 J, 022 or 202, 222, 132 or 312. 
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Table lb . 
Weissenberg Fhotograplis of PbBijNb^ 



NO. 4215 5/1 9" 
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Figure la. Patterson function of PbvaBijNbiO e along 00a; 
Full carve: Iqqi cos 2 it is 

Dotted curve: 2 008 2*** (orthorhombic indices). 
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Figure lb, Patterson function of B^NbTiO* along 00* 

Of 8-fold positions only + OOjs is possible. 
It was assumed arbitrarily that 4 Me occupy the position 000. 
Using the distances found with the aid of the Patterson function, two pos- 
sibilities f or placing the Nb atoms arose : 



1. 8 Nb in ±00 0.20 

2. 8 Nb in ± 00 0,40 



4 Me in 000 
4 Me in 000 



8 Me in ±00 0.40 
8 Me in ±00 0.20 



The two curves on the graph were added and the areas under the peaks at 
0.20 and 0.40 calculated. The ratio 1.5:1 was found for 0.20/0.40. 

In case 1, the ratio was calculated to be 0.91 : 1 and in case 2, 1.1 : 1 if 
the ratio /nd//bi was assumed to be 0.46. . These figures cannot be compared 
directly with the observed ratio 1.5 : 1 since the zero level in figure 1 is of 
course uncertain. Case 2 agrees slightly better insofar as the peak at 0.20 is 
actually higher. It seemed, however, that the* uncertainty in determining the 
areas was so large that case 1 could not be excluded by these measurements 
alone. 
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b. ATJRmixnrs, Mixed bismuth oxides with layer lattices 

In calculating the structure ampKtudes was varied around 0.20 and 
fc& ' . around 0.40. The average ratio was assumed to be 0.46. The intensities ^ 

t'if '. ■» 1 _x AS. .•^••'i 



were compared with calculated values of A*. _ . . , 

A = 10 (cos 2 rclzui + 0.46 cos 2*1**, + 0.5) = 10 J*/4 / M «. In this way the^ 
best values for tke parameters were found to be: 

2 M6 = 0.397 ± 0.002 and z M = 0.192 ± 0.004. In Table la 1^ is compared^ 
with the observed intensities. ^ 

B3f.v. Case 2 ;| 

iff*.:: '^j 
&V- : ' 2m was varied about 0.40 and around 0.20. The best values were found ^ 

to be ^=0.412 ± 0.004 and ^=0.202 ± 0.002 $ 
«i The observed and calculated values are compared in Table la. .«;» 

IS?" It was found that arrangement 2 accounted slightly better for the expen- - = 

mental data than 1. It must, however, be borne in mind that the intensity X 
m ratios of wea k spots might be changed through the influence of the oxygen g 

atoms and that this influence was neglected in the calculations. The differences 
m - did not seem to be as large as to alow a decision between 1 and 2. "was 

M' ; therefore tried to find possible oxygen positions both for 1 and 2. The results 

jjf?V were then compared. 

£|> • Case 1. Positions of the oxygen atoms 

f$f-. N The positions of the metal atoms were assumed to be: (000; 0JJ; *0*; 

& - 4 i 0)Vo00 (4 Me,) ± 00 0.397 (8 Me,) ± 00 0.192 (8 Nb). Since all pomt 

fe v. Jodtiois of rk oan be described by positions of Dj or Cg a, only DJ and Cg a . 

| - Tt flS Sy^wm be discussed. If *» interatomic distances 0-0, Me-0 

# • and Nb-0 should not be smaller than 2.5, 2.2 and 1.8 L oxygen atoms could 

• only be situated in the following positions: 

I ' 4(6)00* 4(o)iii 4(5) iif 8(*)±00z 

$ • o J iA i i 1 1 i_ z 0.086 ^ « ^ 0.122 

|v- 8(i) ****** Z 0.039^1^0.061 0.262 0.311 

0.148 ^|z|^ 0.201 

8(*) *v*; **-»* 8(3) **fc *-*H 

y=0 *=0 



.4 

•3 



An attempt was made to find positions for the oxygen atoms giving a p- 
proximately regular octahedra around Nb, smce torn ta«imrtnu^- 
containing Nb 6 + and O 8 " this seemed to be tte normal configuration Nb - IT . 
The maximum distance of contact Nb-0 was assumed to be 2.5 A. 

With these assumptions 8 (ff) and 8(A) are the only positions where oxygen 
atoms in contact with Nb can be situated. n n ij 

With oxygen atoms in three 8-fold positions 80) tte distances 0-0 wdd 
be too E It Ten only remains to consider the case of oxygen atoms 
£ £ SSUL portions 8(g) and two 8 fold positions 8 (ft). For the oxygen 
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atoms in contact with Nb, reasonable interatomic distances were obtained as- 
stoning: 8 O a in ${g) h = 0.100 8 0 3 in 8 (g) h = 0.264 8 0 4 in 8(h) s 4 = 0.168 
8 0 6 in 8(A) z 5 = — 0.168, Even if small adjustments of these parameters are 
admitted for the iranaining 4 O there is room only in the position 00 i (O x ). 
With these assumptions the distances would be: 



Mai -4 Ox = 2.75 
Me a -2 0 8 = 2.55 

0 4 -4 0 6 = 2.74 
0,-2 O 4 = 2.60 
0 3 -2 0 5 = 2.60 
0^2 02 = 2.55 



Me 2 -4 0 2 2.75 
Mejs-2 0 4 2.55 
Mea-2 0 5 2.55 



Nb« 0 3 = 2.34 
Nb-2O* = 2.04 
Nb- 0 6 = 2.04 
Nb- 0 3 = L84 



It is seen that the positions given might equally well be described by Dat 
or if the pseudo-tetragonal unit cell (a = 3.89 c = 25.53 A) is chosen by D£. 

As a ~ b and the positions of the oxygen atoms must be ohoeen from space considerations, 
the discussion will be the same for C§Sa as for <S&. For c£ a it is found that the oxygen 
atoms can be only in the planes y = 0 y — 025 ± 0.03 y = £ and y = 0.76 ± 0.03. For 
y = 0 or i, z must either be 0 or $ or he between the limits 0.049 < \z\ < 0.451, otherwise 
the distance 0—0 win be < 2.5 A. For y — £ or f , z must have the values O, J, i or J 
or lie between the limits 0.049 < H < 0J2Ql a299 < M < 0Ml * 

In figure 2a sections of the unit cell are made for y — 0 and y = J. Possible regions 
with space group Cj£ a are denoted in the figure by shaded areas. For these areas the distanoes 
0-4)^2.5 . Me-0^2.2 and Nb— 0^1.8 A. 

With space group CS fl it thus seems that no basically new atomic positions 
are obtained, although this symmetry allows the atoms to be slightly shifted 
from the positions of DJ. 

In Table 1 the intensities have been calculated from the parameters found 
and compared with the observed ones. (The calc. intensities are denoted by li). 
The mode of calculation is shown by the calculation of Iooj. I = A 8 . 

A = 10 (0.5 + cos27rZ« Me + (/W/Me)cos2^2J N b + (/o// M8 )(0.5 +cos2^lz 2 + 
+ cos 2 nlzs + 2 cos 2 rilz^). Since the ratios /^//mo and fo/f^ vary with sin 
6fX they were interpolated from values given in the IrUmuttiondl Tables (1). 

Case 2. Positions of the oxygen atoms 

The positions of the metal atoms were assumed to be: (000; HO; OH; JOJ) + 
+ 000 (4Mea)± 00 0.202 (8Mei).±00 0.412 (8Nb). 
With Da the following positions are available for the oxygen atoms 4(6) 00 % 

8(g) ±00s 8(A) H*-« 

0.086 ^ z ^ 0.116 0.039 ^ N ^ 0.161 

0.288 < z < 0.342 



16 (&) xyz> xyz f xyg, SyS 
x = 0 x = 0.25 ± 0.03 
y = 0.25± 03 or y = 0 
z ~ 0.135. 
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Figure 2 a (see Case 1 in the text.) ^ 

The projection of the positions of the Kb, Hex and Me* atoms on the planes s/ = 0 and^v 
y i are denoted by: black circles, white circles and double circles respectively. 
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Figure 2 b (see Case 2 in the text.) 

It was found that oxygen atoms in the positions 4 (c), 4 (d) or 16 (A) oonld^ 
not be part of an octahedron around Nb. With 0 in the re maining positions,^ 
4(6), 8(0) and 8(A), octahedra around Nb might be achieved in the Mowing >^ 
ways: (1.8 <Nb-0<;2.6). . 

With oxygen atoms in three 8-fold positions 8 (A), it seemed impossible to 
find positions for the remaining 12 oxygen atoms giving 0-0 distances ^ 2.5 

With two 8-fold positions 8 (A) + 4 (6) + one 8-fold position 8 (g) the f onowing-:|^ 
positions were assumed for oxygen atoms in contact with Nb: r 

4 O x in 4(6) 8 0 2 in 8{g) z = 0.324 
8 0 3 in 8 (A) z ■= 0.088 8 0 4 in 8 (A) s = -0.088, 

For the remaining 8 oxygen atoms there was only room in the positions 4(c) 
and 4(5). (0„ 0 6 ). 
With the above assumptions the distances would be: 



Me! 


-4 Oi = 


2.75 


Hex 


-4 0 8 = 


2.96 


Mex 


-4 0 4 = 


2.96 


0 6 


-4 0 6 = 


2.75 




-4 0 4 = 


2.75 



Meg -2 0 6 = 2.29 
Mea-2 0 6 = 2.29 
s-4 O a = 2.82 



Nb- O a = 2.24 
Nb-2 0 3 = 194 
Nb~2 0 4 = 1.94 
Nb- O a = 2.24 

0 8 -2 0, = 2.96 
0 a -2 0 4 = 2.96 



O a -2 O 6 = 2.70 
0 2 -2 O 6 =2.70 
Oj-4 0 S = 2.96 
0^4 04 = 2.96 

The above positions might be equally well described by or if a pseudo- 
tetragonal unit cell is assumed (a = 3.89 c ~ 25.53) by D&. ^ 



■ : 7f 
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*Itt Figure 2 b sections are made of the unit cell f or y — 0 and y = J showing the posi- 
possible for the- oxygen atoms if the space group Ca» a is assumed. Possible regions 
denoted by shaded areas. It was found that only with oxygen atoms situated near the 
taons given above, could ootahedra of 0 around all Nb atoms and reasonable distances 
be attained. 

f t Thus no new arrangements were found when space group CSo was assumed. 
In Table 1 the intensities are calculated from the parameters given above, 
e calculated intensities are denoted by Ij*. The mode of calculation is the 
as was used in case 1. It is seen from the Table that both 1 and 2, 
which cases the influence of the oxygen atoms was neglected, account fairly 
for the experimental data. From this follows that the calculated intensities 
|$j and IS, where regard was taken to the 0 atoms, do jaot differ much either, 
^though the ratio 211:213 (see Table 1 (pseudo-tetragonal indices)) is best 
^goribed by l', 2' on the whole seemed to satisfy the observed intensities best 
^ee for instance the intensity ratios 112 : 114 116 : 118 202 : 204 101 : 103 and 
SLOT : 109). No definite conclusions- could however be drawn from the study of 
t|bBiaNb0 9 alone. 



BigNbli0 9 

•5^$ 0 Jflst as for PbBiaNl^O^, there was nothing in the Weissenberg photographs 
& to indicate a lower Laue symmetry than D 4A -4/mmm. From the powder photo- 
graphs (Table 6 a) it is however seen that the actual unit cell is orthorhombic 
'with axes a — 5.405 b = 5.442 c = 25.11 A. 

: The intensities of the spots in the Weissenberg photographs indicate that 
*'the metal atoms are probably placed on the lines OOz. The Patterson function 
£j(Hg. lb) showed high maxima at 0.20 and 0.40. If the same assumptions 
'are made as for PbBi 2 Nb 2 O 0 the following arrangements seemed to be possible : 




tiona/'p 
wing^i* 

le to$ 

wing£^i> 




4 Nb in 000 B. 
8 BiTi in ± 00^ 
8 BiTi in+ 00^ 

C fi 4 Bi in 000 
8 NbTi in±00za 
8 Bi in + 00^ 



4 Ti in 000 

8 BiNb in + 00^ 

8 BiNb in ± 00zg 

«x ~ 0.20 



V 4 Bi in 000 
8 NbTi in ± OOsj. 
8 Bi in ±0 0«a 

2a~0.40 



The areas under the peaks at 0.20 and 0.40 were calculated as for PbBi 2 Nb 2 O 0 
and the ratio 0.20/0.40 was found to be 1.4. The calculated ratios for A, B, 
Ci and C2 were 1.0, 1.0, 0.84 and 1.2. The area ratio for Cg agreed best with 
k. ^ e observed one. The differences are however small, so that all alternatives 
were considered. The intensities were calculated as for PbBi 3 Nb 2 0 fl . The ratios 



>udo- 



IW/niNbi /W/biti aud /mW/bi were assumed to be 0.26, 0.57 and 0.34. The 
_ r calculated and observed intensities for A and B are compared in Table 2. In 
.^ese calculations the influence of the oxygen atoms was neglected. The best 



.agreement was found for 



A 
B 



0.198 
0.196 



H 
0.400 
0.400 
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Table 2 

Weissenberg photographs of. BioNbTiO* 
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Prom Table 2 it is seen that A and B account quite well for the observed * 
intensities. ; 

With A and B, Bi and Ti or Bi and Nb would occupy the same point 
position. This seemed a priori unlikely and if it was assumed that BisNbTiO* 
and PbBi a Nb a 0 9 were built up in the same way, arrangements A and B would : 
imply that Pb, Bi and Nb were distributed over one point position, m. 
PbBi 8 Nb a 0 9 . Therefore, although arrangements A and B cannot be^ excluded 
' from intensity discussions alone, they seem very improbable and will not be 
dealt with in the following. 
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Figure 3. 

pseudo-tetragonal unit cell of Bi^bTiO, (from *=0.25 to 2=0.75). A de- 
. * perowsHte structure BxNbo^Tio.50a- 



' One half of the 



-4l ^ foIlo ' wiB S positions were arrived at 



j point > : 
MO,f|;- 

I would;^". 
ion, in;.:-^ 



Case Ci 

The following portions were assumed: 4 Bi in 000 8 Ki in± ^0 0.396, 
8 NbTi in ±00 0.192. By tie same arguments as used for rbBi a JNb 8 U» uxe 



not be' 



1 

'i 



4 0xinOOi 8 0 8 in ±00 0.092 

8 0 4 in lit; Hi~* '^O-IW 
8 O, in Hz; Hi"* ** -0.164. 



8 0. in ± 0 0 0.268 



In Table 3 the intensities are calculated from these parameters. 

Case Cg 

4 Bi in 000, 8 Bi in ± 00 0.200 and 8 NbTi in ± 0 0 0.412 1 we assumed 
In case 2' (see PbBi 2 Nb 8 0 9 ) the parameters for the oxygen atoms would be 
4 0i in 00£, 8 0 a in ± 0 0 0.324, 4 0 6 in Hi 



O e in Hi. 8 0 4 in H«; Hi"* 
8 0 3 in H*5 Hi-a 



z = 0.088 
z =-0.088 
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B. AtTRjVHiLitrs, Mixed bismuth oxides with layer lattices 

Table 3 

Weiasenherg photographs of Bi 3 NMH0 9 
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■'}. In Table 3 the intensities are calculated with these assumptions.. It is seen 
* , m the Table that with £ the order of the reflections 101 : 103, 211 : 213, 
. 02 : 204 and 107 : 109 are reversed. The same result was obtained if the in- 
fluence of the oxygen atoms was neglected. If Sfei and ^muti were varied around 
{396 and 0.192 so as to give correct ratios for some of these reflections, large 
sorepanoies occurred for other reflections. With Ca the intensities turned out 
, be of the right order. There are however a few discrepancies. 00 20 is 
ftainly stronger than 0018 and 0 0 3 0 > 0028, but the calculated ratios seem 
be too large. On the whole the agreement is however good. 
Thus if the X ray data for only one of PbBigNbgOs or Bi s NbTiO» were 
insidered, different atomic arrangements appeared to be possible, whereas only 
seems to explain the observed data both for .PbBi t Nb 8 0 9 and BijNbTiOj. 
' With orthorhombio description the. positions will be: 
g— tnmm 

(000; OH; *<>*; iJ0) + 

4 (a) 000 

8 (t) ± 0 0 0.200 (0.202) 
8 (0 ±00 0.412 (0.412) 
4(6)00* 

8 (t) 0 0 0.324 (0.324) 

8 (/) *H; Hi 
16 (?) H«il*$ it* H* 

z = 0.088. 

With pseudo-tetragonal description the positions will be: 
S DU— I 4/mmm 



4 Bit (MeJ in 

8 Bi a (Mea) in 
8 NbTi (Nb) in 

4 Oj in 

8 0, in 

8 0 3 in 

16 0 4 in 



(000; JH) + 



Bii 
Bi a 



(Mei) in 
(Meg) in 
NbTi (Nb) in 
Ox in 
0 2 in 



8 0 4 



2 
4 
4 
2 
4 
4 
in 8 



in 



(o) 000 

(e) ± 0 0 0.200 (0.202) 

(e) ± 00 0.412 (0.412) 

(5) 00J 

(e) ± 00 0.324 (0.324) 

id) Oih iOl 

(g) ± (OJz; iOz) * = 0.088. 



rid w 



... 



Table 4 

Values of the tolerance factor, t, for different compounds having the 

CaBi 2 Nb 2 0 8 structure. 



Compound 


*. 100 ; 


BitNbTiO, 


91 


BUTaTi0 9 


91 


CaBiiKbaOo 


91 


SrBitNbjOt 


99 


SrBfaTaaOe 


99 


BaBiaNbftO, 
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PbBiftNbaO, 


101 


NaBi 5 Nb 4 0 18 


91 


KBisNb 4 O i8 


97 



475 



FEB. 22. 2005 10:43AM Mai 1 INFOGATE-IE INFO EXPRESS 



B. Atmrvuxxus, Mixed bismuth oxides with layer lattices 

. Table 5 

Powder photographs of CaBi 2 Nb a 09 and SrBi 2 Nb 2 0 9 . 

tetragonal indices. 
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p^able 6 (cont.) 



01 
6 



0 
4 



5 
4 

.0 
.8 

.7 
.4 



.4 
.5 



.3 
.0 

i 

.8 
.4 



1.2 

> 

> 

L4 
) 



1. 7- 7 


T - 
A oba. 


r 




7 


101 
10 3 
105 
107 
109 


vw 

St 

w 


0.0 
24 
230 
12 
28 


2.0 
2.0 
240 
0.01 
42 


4.0 
0.1 
230 
3.6 
49 


10 11 
10 13 
20 10+10 15 


m 


2.3 
61 
190 


0.01 
20 
200 


0.8 
8.4 
200 


00 20+220+10 17 
10 19 


(m) 
m 


13 
88 


0.01 
110 


4.0 
120 


112 

00 10+114 
116 


(m) 
vw 


16 
10 
10 


0.3 
20 
22 


1.7 
26 
29 


118 ' 
11 10. 
1112 
11 14 


w 

St 

w 


62 
230 
13 
66 


14 
240 
0.0 
74 


4.4 
230 
3.6 
fii 


11 16 
1118 


m 


0.1 
40 


4.0 
10 


8.4 
2.3 


202 
. 204 
206 

011 14+208 
10 16+2 0 10 


(w) 

(St) 


17 
9.0 
0.6 
43 
250 


0.4 
19 

0.6 
10 

260 


1.4 
24 
2.3 
2.3 
250 


521 13+20 12 
20 14 
20 16 


(vw) 
w 


0.01 
42 
0.2 


12 
68 
1.7 


29 
64 
4.8 


211 
213 
216 
217 
219 


w 
w 

St 

vw 


0.6 
26 
240 
12 
27 


4.8 
2.6 
240 
0.01 
42 


7.8 
0.01 
240 
3.6 
49 


21 11 
21 13 
2 0 10+2 1 15 


m 

(8t) 


1.2 
69 
190 


0.4 
19 
190 


2.0 
7.8 
190 



One half of the pseudo-tetragonal unit cell is pictured oa figure 3 Asmen- 
tioued in the discussion on PbBiaNbA, it was impossible in this phase to 
SLS how Pb and Bi are distributed over the > point posrtions 0 0 0 ^and 
0 Oo3£. It therefore seemed of interest to try to determine the P^ons of 
Ca S r B a and K in tW compounds CaBi^O,, SrBi a Nb a 0 8 , BaB l2 Nb 2 0 9 and 
KBi Nd O As the cell dimensions of the Pb, Ca, Sr, Ba and K compounds 
£*ft ^as assumed that the parameter of PbBi,^ A« > go 
vaHd for the other compounds. There were th^e extreme ways of mstnbutmg 
Ca, Sr, Ba and K over the positions 000 and 00 0.202: 

Only Bi in 0 0 202 
Random distribution 
Only Bi in 000. 
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b. auriviluus, Mixed bismuth oxides witli layer lattices 



5»S 



Powder photographs of BiaNbKO* Qr K radiation. 
* Orthorhombic indices. 
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The intensities were calculated for these possibilities by "M^-**^'; 

ia> those for PbBi^O,, and compared ™?£* 
It was found that in no case did y explain the observed intensities. ™ 
&, b1 sSlK compounds the observed intensities did not permit 

between a and 0. For CaBi^O,, however, only a seemed to m - 
StaSes. It was therefore concluded that the compounds discussed have the. 
a arrangement. 
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Table 6b 

Powder photographs of PbBi 2 Nb 2 0 8 . Or K radiation.. 
P66udo-tetragonal indices. 




M).«l!> K. WW 



ABJKXV FOB KESH. Bd 1 nr 54 



11 14 
219 
00 18 
00 20 

10 17 

11 16 
0306 

220 



6682 
6974 



6663\ 
6686/ 
6889) 
6903/ 

6960 

7419 

7744 

7839 

8049 

8133 

8238\ 

8268/ 

8332 

8688 

8872 
8962\ 
9010/ 
9449 



lO 4 sin*0 ob8i 


A oba. 


6699 


m 


6990 


m 


6629 


w 


6684 


WW 


6924 


m 


8934\ 


m 


6976/ 


m 


743$ 


m 


7749 


m 


7846 


vw 


8052 


in 


8131 


m+ 


8268 


vw 


8339 


mh 


8673\ 


m+ 


8690/ 


mi- 


8874 


st 


8980 


m 


9460 


WW 



m 



He 5.m- 
di the .-/^ 
jcdaioii 
sorrect'^ 
re the ^ 



The structure of M^KEO, is thus built up of K,0F layers between whioh 
BiNbTiOf layers are inserted. The structure may be looked upon as a perow- 
ddte structure where perowsMte layers are separated by Bi a OT layers, llus 
view was supported by the fact that in all cases where the above structure 
was observed the radii of the ions in the layers lying between the Bi 2 OS + kyers 
would allow for the formation of a perowslrite structure. If the tolerance factor 
t is calculated from the ionio radii of the elements constituting the layers 
between the BiaCg* layers, it is found to lie between the limits 0.9 and 1.1 
(Bee Table 4), the same limits within which perowskrte structures are found 
to be stable. 

twex calculated from tiie formula: 1.06 (R A + »o) = 0.96 * V* (Bb + Bo). (See (3).) 
A== (K. + Bi)/2 Ca, Sr, Ba etc. 
B = (Nb + Ti)/2 (Ta + Ti)/2 Nb. Ta. 

In the calculations case a was assumed. For calculating t the following values for the 
ionio radii were used: Bi*+ 1.00, Ba*+ LID, &*+ 1M. 0a*+ 1.02, Fb^ 1.26 Na+ 0.97, 
K* 1.33, Nb B+ 0.69, Ta 8+ 0.69, Ti t+ 0.66 and 0»~ 1-36. If, for instance, 1 K + 1 Bi are 
dtatributed over one 2-f old position the radios of (K, Bi) was taken aa (r K + ^2. 
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B. AUBivnxiTJB, Mixed bismuth oxides with layer lattices f| 
The structure proposed for CaBi 4 Nb a O e reminds one of the str^ure <|? 

"^''^o^'^W 1 ^ in beyerite correspond to oc^edral shee^ 
Nb%- in cSNbA. King the notations given by ^jE^m ^ 
(?) ^Xure described above might also be denoted by X u . ^ 

SUMMARY 'SgH 

A series of tetragonal or pseudo-tetragonai phases of general compodtio^ ^ 
(Bi, MeJel^Ois have been investigated. -mm- 

Me: Na, K, Oa, Sr,' Ba, Pb. 
B: Nb, Ta, Ti. # • 

The nositions of the Me and B atoms were determined from the ; observed;^ . 
inWtS Sd tbe positions of the 0 atoms were deduced from space co^| ; 

siderations. , 

The following structure is proposed 
D£— F mmm 

(000; OH; *0* H<>) + 

4 Bi in 4 (a) 000 ;~|| 
8 Bi in 8 0) ± 0 0 0.200 v*| ^u 

8 NbTi in 8 (*) ± 00 0.412 M 
4 0 in 4 (b) 00i -$J ^ 

8 0 in 8 (0 ± 0 0 0.324 not 
8 0 in 8 (/) Hi*. HI , . t nnftft >| 

16 O inl6 (?) *i* *t* H* 2 = 0.088. 

I wish to thank Professor L. G. Bmto for valuable duouarfoia coaoMniiw 

this work. . T ' 

Stockholm* Hogskola, Institute of Inorganic and Physical Chemistry, June ^ 

1949. ' 
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Mixed bismuth oxides with layer lattices 

II. Structure of Bi^O^ 
By Bengt AuBiviLLnjs 

With 5 figures in the text 



By means of X ray analysis it has been found that the crystal structures 
Jp:of a number of bismuth oxyhalides consist of Bi a Oi* layers alternating with 
players of halogen ions (1, 2). In all these cases the symmetry was found to 
* be tetragonal and the lengths of the a axes almost constant = 3.8 A. 

On making an X ray study of the system Bi 2 0 3 — Ti0 2 a phase (of com- 
position about 40 atomic % TiO a ) was found, the powder photographs of which 
S-could be explained by Man wring a pseudo-tetragonal cell with a = 3.84 and 
c = 32.8 A. It seemed of interest to make a closer study of this phase since 
f; the cell dimensions and composition seemed to indicate a layer lattice with 
Bi a O| + layers, but of a type hitherto uninvestigated. 

Procedure: Weighed amounts of Bi 2 0 3 (puiiss) and TiO a (puiiss) were mixed 
and heated to about 1100° C for some hours in a weighed platinum . crucible. 
After cooling the crucible was weighed again and the composition calculated 
by assuming that the loss of weight could be ascribed to the volatility of 
BiaOs . Powder photographs of various preparations in the system Bi 2 O a — Ti0 2 
indicated that there is a phase with a body-centered pseudo-tetragonal unit 
cell with a — 3.841 and c = 32.83 A at compositions about 40 mole % Ti0 2 . 
It was, however, impossible to get samples whioh were quite free from impurities 
so the powder photographs always contained a few extra lines. 

The lines 21 1, 22 I and 31 1 were found to be split up. No cleavage was, 
however, found for the lines 10 i, 201 and 30 1. This could be explained by 
assuming a face-centered orthorhombic unit cell with the same c axis as the 

pseudo-tetragonal cell and with its a and b axes equal to the diagonals (aVi) 
of the -pseudo cell. 

The orthorhombic axes will be: a = 5.410 6 = 5.448 c = 32.84 A The 
observed density (40 mole % ^TiC^) is 7.85. If the composition is assumed to 
be Bi 4 Ti 3 0 12 (43 mole % TiOa) and 4 formula units are assumed per unit cell 
the calculated density will be 8.04 which agrees fairly well with the observed 
value. 

Single crystals, thin plates, were picked out and Weissenberg photographs 
(zero layer and first layer) were taken around the 3.84 axes, thus registering 
hOl and Ml (pseudo cell) or hhl and A, h + 2, 1 (orthorhombic cell). 
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Though there was nothing in the Weissenberg photographs to indicate^ 
lower Laue symmetry than P<* — ilmmm, it was — as has "already been mefSf. 
tioned — found from the powder photographs that the real symmetry was nq||| 
higher than orthorhombic (Laue symmetry D^ — wmm). 

Except for the extinctions following from the face-centering {hhl ocurrii^g 
only for A, *, I all odd or even) no systematic extinctions were found, whid^ 
is characteristic of the space groups Cg, Da and !>&♦ 




Positions of the bismuth atoms 



Since the intensities of hhl with A, k, I all odd on one side and the intu.., 
sities of hhl with I, k> I all even on the other side appeared to vary in th£* 
same way with I (see Table 1), it seemed probable that at least the bismuth; 
atoms are situated on the hues: (000; HO; OH; i<H) + OOz. The sum 
2 Jooicos %itl% and ^jlm cos 2al0 will under such conditions represent 

the Patterson function along 00 s. These two sums are pictured in figure 1^ 
It is seen from the graph that high maxima occur at % = 0.144, 0580 and^b 
0.428. If Cjgc is not considered, only the following positions on the lines 00^ 

Table 1 

Weissenberg Photographs of Bi 4 Ti 3 0 12 . Ou K a radiation 
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Figure 1, Pattereon function of Bi^Ou along 0 0 z 
Full curve: 2 IooJ 008 27rl * 

Dotted curve: 2 J ll* 008 2?r *' (orthorhombic indices) 
I 

U possible for the Bi atoms: The two 4-fold positions 000 and 00* and the 
*5«PmWom + 00*. Assuming that the unit cell contains 16 Bi it was 
ffcnd tha? the oblerved maxima in the graph could be explained by assuming 
! St the 16 Bi atoms are situated in two 8-fold positions ±00*. Inthiaway 
-.three possibilities arose: 



a. «! = 0.215 

b. zj = 0.072 

c. = 0.W2 



2a = 0.356 
a* = 0.356 
Zt — 0.215. 



If the influence of the Ti and the 0 atoms is neglected the Patterson maxima 
will have the following relative weights: 



0.144 
0.280 
0.428 



a 

2 
1 



b 
1 
3 



e 

3 
2 



If the two curves in figure 1 are added and the areas under the peaks i cal- 
cnlated, the ratio of (0.144) : (0580) : (0.428) is found to be: 4.4 : 2.6 : 10 Now^ 
these figures cannot be directly compared with the figures given above ^nce 
ttrzerTleVel in the graph ia unknown. It is, however, seen that the observed 
Saefoi magnitude oftfce peaks (0.144) (0.280) and (0.428) is the same as 
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B. AUBiviUJUS, Mixed bismuth oxides with layer lattices. II 

that calculated for o. Case o was therefore assumed, and % and z % were varied . 
around 0.072 and 0.216. The observed intensities were found to agree qnitg^ 
well with those calculated for Zx = 0.067 ± 0,004 and z z = 0,211 ± 0.004, 
Table 1 the observed intensities are compared with intensities calculated afc 
follows: I = A* A = 10 (cos %nlz± 4- cos 2wl^) === 10 F/4 fiu. In Table $ 
the lines of maximum absorption (see (4)) are indicated by dotted lines. J£ ( 
allowance is made for the polarisation factors and the absorption effect (4)lL 
it is seen that for h, k, I all odd the observed and calculated intensities agre£? 
quite well. For h,k,l all even, the calculated ratios of 0016:0018 and%£?$ 
2216 : 2218 are inversed in comparison with the observed ratios. This uiight^ 
be due to the influence of the Ti and the O atoms. 



Positions of the Ti atoms 

With the formula assumed the unit cell contains 12 Ti atoms. 



353 

'Mi 



If the space?g£ 

group Q£c is not considered, the only 4-fold positions possible are: WL*r 



4 (a) a;00 or OyO (Cg a or 6), 
4 (c) Hi * (d) Hi (DJ) 



4 (a) 000 4 (b) 00* (DJ, Dg), 



l-i-cnlated 1 
ay made 
^tofind p 



Space 



The positions 000, £££ and JH seemed very improbable since the distance" 
Bi— Ti would then be only 2.2—2.4 A. For the remaining positions 0 0 4, xOQT^f 
(or Oy 0) x (or y) must lie within the limits 0.38—0.62, if the minimum distance'^ 
Bi— Ti is assumed to be 3.0 A. If the distance Ti— Ti is assumed to be^f. 
^ 3.0 A, only 4 TI can be situated in 4-fold positions and the remaining 8 Ti xM t : 
must occupy one 8-fold position. Of 8-fold positions the following seemed 
be possible: 



8 (d) xOz, xQa (or Oys, 0y*) Cg a or 6, 8 (g) ± OOz (Dj, Dg), 
8 (h) Hz, iH-s (W) 

Thus there seemed to be two ways of arranging the Ti atoms: 

1. 4^^004, 8 Ti 8 in Hi"* 0.133^*^0.147 

2. 4 ^ in 00$, xOO (or Oy 0) 0.38 < x 0.62 (or 0.32 ^ y ^ 0.68) 
8 Ti a in ± OOz 0.324^3^0.398, xOz, zOt (or Oys, 0y*) 

0.38 ^ x < 0.62 (or 0,38 < y < 0.62) 0.102 ^ z <. 0.176 



Both for 1 and 2 the parameters are chosen as to make the distances 
Bi— Ti ^ 3.0 A. Ihe region possible for the Tis atoms — a ss u min g arrange- 
ment 2 — is shown by the shaded area in figure 2. 

By calculating the intensities of 00 1 for various zn values, it was found 
that the calculated ratio 0 0 16 : 0 0 18 (see the discussion on the Bi positions) 
was best for z ~ 013 0 or 0.37 0 . 

502 



I 

"3- 
• *« 



4 I 



By ass 
the foDov 



Two regi< 



No cor 
and octa 
structures 



?FEB. 22. 2005 10:39AM Mill INFOGATE-IE INFO EXPRESS 



NO. 



ARxrv f6b kemi. Bd 1 nr 58 

*- The intensities of the spots in the Weissenberg photographs were then oal- 
^oalated for the arrangements 1 and 2 bnt no decision between 1 and 2 could 
'Whe made by comparison with the observed intensities.. It was therefore tried 
lito find possible arrangements for the 0 atoms with both 1 and 2. 



Case 1 

Space group and the following positions for the metal atoms were 



8 Bi x in 8 (g) % = 0.067 ± 0.004 8 Bi„ in 8 (g) z» = 0.211 ± 0.004 
4 Tix in 4 (b) 00J 8 Ti* in 8 (h) 0.133 ^ 0.147 



X-0. 



58). &8 

XS '"P 

■■m 

as) 




Figure 2. 

By assuming that the distances Bi— 0^2.2, Ti— 02:1.8 and 0—0^2.61, 
the following positions were found possible for the O atoms: 

4 (a) 000 4 (c) Hi 4 (d) JH 

8(g) ±00« . 8(h)H«;Hi-e 

0.130 ^ z <. 0.148 0<>\z\< 0.040 

0.274 <J z <> 0.445 — 0.183 <.z<> — 0.095 

16 (k) xyz; xyz; xye; xye 
x=0 y~0 
y = 0.27 ° r a> = 0.27 

Two regions are possible: 

z = 0.113 (for zn = 0.147) and z = 0.165 (for zm = 0.132) 

No combinations of these positions could be found giving reasonable distances 
and octahedra around the Ti atoms, as is the case in previously investigated 
structures containing Ti 4 * and 0 8- . Arrangement 1 seemed therefore improbable. 
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Case 2 

The positions of tie metal atoms are assumed to be: 
8Bi,in +00*! ^ = 0.067 ±0.004 8 Bi, in ± 00*» = 0.211 ± 0.004. f<| 
4 Ti x in 00 J, »0 0 (or OyO) 0.38 <*,y 



7/15 



fei^oond tin 

W (gl) fTa 

lotions 8 (i 
£g O are i 



0.62 



8 Ti 2 in ± OOz, 



0.324 



x0z,x0z (or Oyz; Oyi) 0.38 < x, y < 0.62 

0.102 <> z <, 0.176 



0.398 <f 

•3$ 




At first only space group T>1 was considered (T^in 00* and in ± 00*).^^, w 
The following positions were found possible for lie 0 atoms makmg the same g|* ^ c Wit 
assumptions as in case 1: -v-^sa — n in 

4 (a) 000 4 (c) £H 

4 (d) Ht 



8 (g) ± OOz 
0.130 ^ « ^ 0.148 
0.379 ^ z ^ 0.445 
0.274 ^ z ^ 0.343 

16 (k) xyz; $yz\ xye; xyM 

x = 0.25 ± 0.02 v = 0.26 ± 0.02 
or 

y ~ 0 » — 0 

0.114 < z < 0.163 



8 (h) H*; 

0< |z[ < 0.040 
0.095 < U|< 0.183 



With a 
&ol oxygen 



It was tried to find positions for the O atoms so that Ti, and Ti 2 ™uldbe 
surrounded by regular or almost regular octahedra of O atoms wrtlx • 
distances 1.8 ^ Ti — 0 ^ 2.6 A. For O atoms in contact with Tiu the; follow-- ^ , 
ing point positions are possible : 8 (h) 0 < \z \ < 0.040, 8 (g) 0.424 ^z sS 0.445. 
With 8 O situated at HO; iii and 8 O at ± 00 0.442 regular octahedra of 
0 would surround Tij. It, therefore, Beemed probable that oxygen atoms are 
situated near these positions. 
For oxygen atoms in contact with Ti 8 , the following positions are possible: 



^taround Ti 
\ vposition • 

■ *tz ;■- laugemenl 
Wrthd 

distances 
ther< 

:$e&: The fa 
Hi or Tij 

: - 

-■•7$' 

■ ;<?J< ; 



8 (gi) 0.379 ^ H ^ 0.445 
8 (g a ) 0.274 £S < 0.343 



8 (h) 0.095 ^|«|^ 0.183 
16 (k) 0.114 z ^ 0.163 



With one set of oxygen atoms situated at 8 (h) or 16 (k), every Ti ? atom 
will be in contact with two oxygen atoms, while if oxygen atoms are atnateo. 
at 8 (gi) or 8 (g 2 ), Ti 8 will be in contact with only one oxygen atom. It was 
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£■ j +\*»* ^ v one set of oxygen atoms ootild oocupy the Rations 16 (k), 
^ W 8 wlX aVmSt %2 oxygen atoms ootild be situated m posi- 
tjjfc *t). Th^'iot^g arrangements allowing Ti a to be in contact *ifc 
jvg 0 are possible: 

a. 16 0 (k) + 8 0 (h) + 8 0 (h) 

b. 16 0 (k) + 8 0 ( gl ) + 8 0 (g 8 ) + 8 (h) 

c. 8 0 (h) + 8 0 (h) + 8 0 (h) 

d. 8 0 (h) + 8 0 (h) + 8 0 ( gl ) + 8 0 ( ga ) 

IP With a and b no combination of positions could be found, giving octahedra 
00*). ;feof oxygen atoms around Ti 8; m 8 - . 



same • *>1 * ^T^To- H 8 O in 00 0.442 and 24 O in positions 8 (h) 
same Ci With 8 U in. i*u, **_ $ Vv°™ „«, + ^ -fn™ octahedra of oxygen atoms 



old be 
. with 
follow- 
0.445. 
*3xa of 
us are 

•ssible: 



• • 



W, S i - 1 = 017?) so a, toto octahedra of oxygen atoms 
1 ^*~Jr*i 5d~Ti Se^as room for the remaining 8 O atoms only m the 

■•^ -J^emente however, the distances 0-0 would be short (~ 2.4 A). 
^ . nu^ente ^wew ^ ^ ^ rea80na Me 

-5W ^ ^^"ocSe^^oxygen atoms Ti 8 . Arrangement d 
/5cS»wm, therefore, preferred to the arrangements a, b and c. + , . , 

M following parameters were assumed for oxygen atoms m contact with 

•^ilEi or Ti 8 : „ 

1 8 Oa in 8 (h) 2 = 0 

8 0 4 in 8 (g) « = 0.436 

(2 M , = 0.372) 8 0 8 in 8 (g) 2 = 0.308 

8 0 6 in 8 (h) z = 0.128 

8 O, in 8 (h) * = — 0.128 

Even if these parameters are varied considerably around the ^ 
room for the remaining 8 O is left only in tin positions 4 (c) and 4 (d) (0,,(^ 
The positions arrived at might also be described with space group J^—Vmmm 
as follows: 

8 O x in 8 (e) H0;1H 
8 O a in 8 (f) iii.iii 
8 0 8 in 8 (i) ±00z 2 = 0.436 
8 O* in 8 (i) ±00z 2 = 0.308 

16 o 5 in i6 (j) H*;H*; 

z » 0.128 
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B. atoovtllius, Mixed bismuth oxides with layer lattices. II 
The distances and coordination will be: 



Bi a 


-4 Ox 


= 2.92 




- o, 


= 


2.10 


Bi x 


-4 0 8 


= 2.72 




- o 4 




2.10 


Bi x 


-40, 


= 2.76 


Tia 


-4 0, 




1.92 


Bi 2 


-4 0 2 


= 2.79 


Ox 


-4 Oj 




2.71 


Bi 2 


— 4 0 4 


= 2.79 


o 8 


-4 O x 




2.83 


Bi a 


-4 0 8 


= 2.29 


o< 


-4 0, 




2.70 








o 4 


-4 0, 




2.83 








o 6 


-4 0 5 




2.71 



Tix-4 Ox = 1.92 
Tix -2 O 3 = 2.l0 



No new combinations were found if the space group B3* was assumed instead 
of DJ.. 





Figure 3 a. 





■•-5 



iFigure 3 b. 

Since a ^ & and the positions of. the O atom* must be chosen from space conceptions, 
it does not matter whether space group 0g a or 6 is assumed, Q&b was assumed arbitrarily. 
It was found that oxygen atoms could only be situated in the planes x—0, s=0.25±0.02, 
x = i and x = 0.75 ± 0.02. Thus the following positions are possible: 

4(a)0y0 ZQ>)lvi'>lvl &(o)Qyz;Oyz 
8 (d) xyO; xyO 16 (e) xyz; xyz; xyz; xyz 

0.25 ± 0.02 a: = 0.25 ± 0.02 
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1 1 1 \ leak. 
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10* 



5 
7 
0 
11 
13 
15 
17 
10 
21 
23 
25 
27 
29 
31 
33 
35 
37 
39 
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1.0 

12 
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15 
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2.0 
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23 

98 
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36 
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Table 2 (coixt.) 
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'^ovder Photographs 



Tabk 3 

of Bi4Ti 8 0 ia . Cr K radiation, orthorhombic description 
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The positionB of the Ti atoms are assumed to be: 

4 m x in 4 (a) 058 <> y t ^ 0.62 

8T5 a in8(c) 0.88:2^0.62 0.102 < * 2 ^ 0.176 
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B. AUBIVIIiLITIS 



, Mix«d bismuth oxides with layer lattices. II 




sfi 
+ 

3 
2 
1 
0 



fti 



Ti O 0 

Figure 4. 



One half of the ^^^ C ^^^°B SV£*!W& 
notes perowskxtao layer B^jAj^Bjjg. JJSfSfc . 

Tn fibres Sa and 8b sections of one fourth of the unit call are made for * = 0 and 
S^SST Jie^oiectiL of the position of the Bii , Big and Ti atoms are denoted by: 
^ fJ^oXc^ad black See respectively. The s^sc^i, used -for^^ 

CSS!- atoms ^^t^o^S ^S-t 

positions of the Ti atoma axe assumed to be: 0 0 * and 0 V ti W * V 

o v o«O« = 0.62 and ± 00« z = 0.324. 
*T L^^on above * = W toSnd J^^^ 
^ armament ««d^ -d ^ On* 0^ ^ 

8 flT LVJS » It waa thlL aimed that these position are occupied by oxygen 
22*^0^ rJtf * * . the point potions 8 (e) and 16 ^JJ 
SENS sTStuated at 8 (o), every Ti atom ia in -tact mth one -yg- atorn, ^ 
So in 16 (e). Ti a may be in contact mlfr 2 0 (erf or 4 0 ~ * a + i * ~ **> M- 



I* 



a 
b 
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' „ in ,wnd that the unit cell contains 48 O and assuming 18 O to be situated at 8 (o) + 8 <d) 

I ^orm t^tahedron around T*), the following arrangements gmng .6 0 around T, a 



''tffilfr.- *• 8 O (o) + 8 O (c) + 16 0 (e*) 

IvS S b. 16 0 (eg) + 16 0 (e*) . 

m ^Wrtb b. no combination giving octehedra of. 0 around a, could be found. With i***™* 
-ft h^gements oould be found allowing E 2 to be surrounded by an atoost regular ^tehedran. 
gS^ng t^^neters for oygen atoms in o^t with Ti x <>r Ti 8 wer^ assumed: 

8 Oj in 8(d) * = i + l 

8 0 2 in 8{c) V ~ (Vi + Vdl* « ~ *a/2 

8 0 8 in 8 (ff) V ~ Va z ~ 

• 16 0 4 in 16 (e) a= = £ V ~ *2 + 1 * ~ H 



M For tt» remaining 8 0 there seemed to be room <mlyinthe position 8(b) y- K Bfc 
' W seen that these positions are basically the same aa were amwl at when space group was 
■?&. assumed, except for possible small shifts in the y direction. 

Thus no new arrangement was found by assuming Cg a or J. Bi Table 
o=i Judo-tetaa^oL indicia) the intensities, calculated by means of the formuk I - 

SoE-M W are compared with tte observed ones Since *»» »J« 
^ J t/Cwi with sinflM they were interpolated for every reflection from 
vl« Sen^m tie Internal Tables (3). Table 2 shows good agreement 
between the calculated and observed intensities. 
The following structure is thus proposed: 
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ated by: . 
Kgure2). 
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positions 
f regular 
y oxygen, 
are pos- 
>m; with 
i)- B 68 ?" 



-F mmm 
(000; OH; £0*; H°) + 
8 Bii in 8 (i) ± 00z s = 0 ; 067 
8 Bi 8 in 8 (i) ±00« z = 0.211 
4 Tij in 4 (b) 00* 
8 Ti a in 8 (i) ±00z a = 0.372 
8 0 1 in 8 (e) iJO; iii 
8 0, in 8 (f) Hi; Hi 
8 0, in 8 (i) ± 00a * = 0.436 
8 0 4 in 8 (i) ± OO2 a = 0.308 
16 0 6 in 16 0) * = 0.128 
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B. aurivuxios, Mixed bismuth oxides with layer lattices. II 
For the pseudo-tetragonal cell the positions will be: 
DJa — I i/mmm 
(000; Hi) + 

4 Bi a in i (e) ±00s 2 = 0.067 

1 Bi 8 in 4 (e) ±00» s = 0.211 

2 Tii in 2 (b) 00 i 

4 Ti 8 in 4 (e) ±00z «- 0.372 
4 Oi in 4 (o) 0*0; $00 
4 0 8 in 4 (d) OJi; J0J 
4 0, in 4 (e) ± OOz z — 0.436 
4 0 4 in 4 (e) ± 00« 2 = 0.308 
8 0 6 in 8 (g) ± (0|«; JOS) 2 = 0.128 
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In a 

vO&.-concen 



•* contmi 

In figure 4 one half of the pseudo-tetragonal unit cell is pictured. Th^'?j 
structure consists of Bi 2 0£ + layers alternating 'with Bi*TisQ£r layers. The a£gjg! 
xangements of the atoms within the BigTiaOw layers seems to be the same as;*f* 
that found for perowslrite structures, and it is easily found by calculation that^& As * 
the geometrical properties of the Bi 3+ , Ti** and 0*~ ions make a perowskitef^l are rat 
structure possible. Thus the structure might be looked upon as a layer struc>1^ * triplets 
tore where perowakitic layers Big^O^ — corresponding to a hypothetical^ : taking 
perowslrite structure BiH0 8 — alternate with Bi^Ol* layers. With the nota-f*>5 thin it 
idons given by Lagekgbaotz and Sill6k (5), the above structure might be;'^ 
denoted by Xm. 



I wish to thank Professor L. G. Sill^k for valuable discussions concerning;^ 
this work. 
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Mixed oxides with layer lattices 
HL Structure of BaBi 4 Ti 4 0 15 



By Benct Aurtvujjus- 

With 4 figures in the text 

~Yx. X ray studies on the compounds CaBi 2 Nb 2 0 9 (1) and B^TiaOia (2) have 
'Jif shown that the comparatively complicated chemical formulae of these compounds 
" can be explained by simple layer structures being built up from Bi 8 0» + layers 
and perowakite layers. The unit cells are pictured schematically in Figs. 1 a and 
1 c. It was found both for CaBi^NbgOg and Bi^TigOxa that the symmetry was 
body-centered pseudo-tetragonal and that the length of the a axes had, the 
same value (3.8 A) while the length of the c-axis was 25 A for CaBi 8 Nb 8 0 9 
and 33 A for Bi4Ti 8 0 18 . In both structures the heavy atoms form approximately 
a "substructure" with a smaller body-centered tetragonal cell with a « 3,8 A 
and c - 25/5 A for CaBiaNb 8 0 9 or c - 33/7 A for Bi^O^. 

The Bi 2 0 2 layers and perowakite layers lie perpendicular to the c-axis. Similar 
layer structures have been found for a number of bismuth oxicompounds (3,4,6). 
The common structural element in all these compounds is quadratic Bi 2 0 2 layers 
between which halides or certain radicals are inserted. This explains the fact 
that the a axes of all these compounds are of about the same length. For a 
survey see (5). 

For the CaBi 2 Nb s O 0 type each perowakite layer has the composition (CaNb 2 0 7 ) n 
and the height of the layer is equal to four distances Nb— O or approximately 
to the height of two E2j (perowakite) unit cells (see Fig. 1 a). A compound 
with a somewhat «imilftT structure has previously been investigated by Laxjer- 
crajntz and Shi*£n (5). In this structure (see Fig. 1 b), beyerite CaBi 2 02(C0 8 )2, 
the point positions corresponding to the positions of the Nb atoms in CaBiaNbgOg 
are occupied by "rotating" COY groups. 

For the BiaTiaOxa type the perowakite layers have the composition (BiaTigOuOa 
and the height of the layer is equal to six distances Ti— O or approximately 
to the height of three E2 X unit cells. 

The general formula for a compound built up in a way similar to CaBi 2 Nb 2 0 9 
but where the height of the perowskite layer enclosed between a pair of M^Oa 
layers is equal to the height of m E2x cells, will be: 

Mea0 2 (Mek-i R* <Wu). Me, Me': Ca, Br, Ba Bi (K + Bi)/2 eto. 

R: E J Nb > Ta,(Nb + E)/2 etc. 
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a b c 

• Nk.Tl ® U # & O 0 Q COj 

Pig. 1. Schematical pictures of the structures af a. CaBi t Nbfl0 9 b. CaBi a Oi(C0 8 ) t and 
c. B^TiaOu. The vertical lines indicate the lines 0 0 z and i \z in the unit cells. A denotes 
perowskitio (£2 2 ) regions in the structures. 

It seemed of interest to investigate whether compounds could be synthesized 
with m - 4, The present investigation shows that structures of the above type 
with m — 4 exist. 

Mixtures of Bi a 0 8 , BaC0 8 and Ti0 2 , corresponding to the composition, 
BaBiaTjaOjs were prepared and heated to 1100° C. Single crystals, thin plates, 
Were picked out and Weissenberg photographs were taken. These could be 
interpreted by means of a body-centered tetragonal cell with a = 3.86 A and 
c 41.7 A. The strong lines of the powder photographs (taken from prepara- 
tions heated to 900° C (Au crucible) or 1100° C (Pt crucible) were easily iden- 
tified pince they could all be described with the aid of the "sub^lattice" {a « 
8.86 c = 41.7/9). If the c axis were 9 fold even the weak lines fcould be 
explained (Table 3). In this way the cell edges were found to be a « 3.864 A 
and c « 41.76 A. The observed density was 7.2, which agrees fairly well with 
the assumption of 2 formula units/unit cell (calculated density 7.49). 

The Weissenberg photographs registered Okl, 1*1, hhl and A, h + 1, I In 
the Weissenberg and powder photographs there wag nothing to indicate a lower 
Laue symmetry than p^—i/mmm. Except for the extinctions due to the body- 
centering, hhl occurring only for h + h -f I « 2n, no systematic extinctions were 
found, which is characteristic of the space groups CJ,, D& u and D£. Kg. 2 

520 



Kg- 2. Pattersor 



% 3. Three dim. 
*&aterial was used 
tile amplitudes are 
The vei 



22.2005 10:40AM Mail INFOGATE-IE INFO EXPRESS 



NO. 4213 P. 4/10 



ARKTV FOR KEMX. Bd 2 HT 37 




Fig. 2. Patterson Harker function of BaBiaTi^Ou along 00 e. All observed reflexions were 

used for this calculation. 
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Pig. 8. Three dimensional; Fourier cut along 00 1 for BaB^Ti^O^. The same intensity 
material was used as for the Patterson Harker analysis pictured in Fig. 2. The signs of 
the amplitudes are the same as those obtained in the' structure factor calculation for Table 2. 
The vertical arrows correspond to the values actually assumed. 
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B. A0BIVILUXTS, Mixed oxides with layer lattices. HI. 

shows the Patterson Harker function along 00 2. For all observed reflexions 

sin 2 0 

the F 2 values were estimated from: F 2 - Jot*. r~; oirs ' As expected large 

1 + COS* I V ■ 

peaks appear at z * 1/9 2/9 3/9 and 4/9. 

It is interesting to compare the cell dimensions found above with the ones J 
which might be expected if the compound BaB^T^On is assumed to have a- 
structure similar to that of CaB^NbaOa but with m « 4. In this case the a i 
axis would have about the same value as found. The length of the c axis 
might be estimated in the following way: The c axis of BiaNbTiOg (m = 2 see (1)) :• 
is 25.11 A; the value for Bi^Ou (m - 3 see (2)) is 32.83, the difference is v 
7.72. If twice this value is added to the c axis of BaBi^NbgOg (m — 2) the ; - 
value 41.0 A is obtained. The value actually found was, as mentioned above, !: 
41.76 A. 

From the composition, cell dimensions, and crystal symmetry it seemed a priori \; 
probable that the structure of BaBi^l^O^ was the one we anticipated. There- 
fore, the parameters were worked out with the aid of the parameters found for - 

Table 1 

Weissenberg photographs of BaBia^Oig. Cu K a radiation. For zero order photo-, 
graphs the regions of maximum absorption (see Wells (6)) are indicated by dotted 
lines. The intensities of 101, 10 3 and 1 05 have been taken from a zero order , 
photograph, those of 1027—1049 from a first order 
photograph rotated around (100). 
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ToNe 1 (cont.) 

WeiBsenberg photographs of BaBi^O^. Cu radiation. 
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BijNbTiOfl and B^IW The positions of the heavy atoms might be expected 
to be: 2 Ba inOOO, 4 Bi in + 00%, 4 Bi in ± OOsa- 
The positions of the Ti and O atoms might be expected to be: 

4 Ti in ± 00^, 4 Ti in ± 00s 4 , 2 0 in 00 J, 8 0 in ± (OKi-sfe), 
i 0 (*-*,)), 8 0 in ± (0 * (*-**), i 0 (*-**)), 4 0 in ± 0 0 (s, + z^2 
4 0 in ± 00(23-(a 4 -«3)/2), 4 0 in OH.iO* 
zx * 1/9 2/9 zj, = 0.850 z 4 ~ 0.450 

These atomio positions would give rise to high peaks in the Patterson-Harker plot at the 
same values as actually found. The calculated area ratios agree, however, with the observed 
ones only in as mnoh as the biggest area is found for the peak at l/d. The reasons might 
be an incorrect choice of the zero level and errors in the estimation of the intensities. 

The parameters were varied around the above values for different positions 
of the Ba atoms: 2 Ba in 000, OOSj. or OQzj. 2 Ba equally distributed over 

(000 + OOsj), (000 + 00sa), (0° 2 i + 00z a) 01 ( 00 ° + 002 i + 00z ^- 1116 ^ 
agreement seemed to be for %x - 0.106 ± 0.001, 2* - 0.221 ± 0.001, z» - 0.852 
± 0.004, 2 4 •= 0.452 ± 0.004 with 2 Ba equally distributed over (000 + 00«i + 
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Table 2 

Weissenberg photographs of BaBi^TiaOu. Cu K a radiation 

Joalo. = (2.8 F/f M )* 
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Table 3 

Powder photographs of BaB^Ti^Oxs Cr K a radiation. 
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OO^). Other distributions of Ba sliotild, however, not be excluded; as will be 
seen the three dimensional Fourier cut along 00 z (see Fig. 3) seems to favour the 
following Me arrangement: 4 Bi ± OOza and (2 Ba + 4 Bi) equally distributed 
over the positions 000 and ±00^. 

From Table 1 it is seen that roughly for the same value of I: Iqqi === I*oi 
= /2a! ^ ItQi, Ini ^811 ~ l*zh Iiot ^ I sot ^ ^821 ~ 1 41I might 

be expected from the above atomic positions with atoms only on the lines 
OO2, Hz, <Hz and J0z. Table 2 gives calculated and observed intensities 
for the rows 001, 101, 11?, 21*, 22* and 302. It was found from the Weis- 
senberg photographs that 0028>0030 and 10 37>10 39 (see Table 2) but 
the observed ratios do not seem to be as large as those calculated. This is 
more clearly seen for the rows 40? and 30? where 4028 < 4 0 30 and 3037 
^ 3 0 39. These discrepancies could neither be removed by small variations in 
the z parameters nor by assuming other distributions of the Ba atoms for the 
structure factor calculations. Other discrepancies found from Tables 1 and 2 
are 222:224, 332:334, 0050:0052 and 1148:1152. However, for most 
reflexions the agreement is quite good and considering the errors which might 
be introduced by absorption effects and errors in the ratios fn/foi and f 0 /fBi 
the agreement might on the whole be classified as fairly good. 
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m Ba Bi O o 



Ti 



Kg. 4. One half of the unit cell of BaBi^Ou. A 

B the MeflOt layers. 

The following structure is therefore proposed: 
D« — /4/ mmm 
(000, + 

2 Me t in 2 (a) 000 
2 Oi in 2 (6) 00| 

8 0 8 in 8 (g)0}z; 0*i; J0«; JO* z - 0.048 
4 Tij in 4 (e) 00«; 00* % = 0.452 

4 0 8 in 4 (e) , = q.402 
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2 - 0.106| 

z - 0.148 
2 - 0.352 
a - 0.302 
« - 0.221 



4 Meg in 4 (e) 
8 0 4 in 8 ((/) 
4 Tig in 4 (e) 
4 0 6 in 4 (e) 
4 Meg in 4 (e) 
4 0 6 in 4 (d) OH; *0* 

Ba and Bi equally distributed over all Me positions. 

If the structure is described by means of an orthorhombio space group (DS). as used for 
Ae stmoto of K8NbTi0 9 and Bi^O^ the positions- ^iD be: DS-l L (000; 
HO? Of *5 iOi) + 4 M ei in 4 (a) 000, 4 O, in 4 (J) 00$, 16 Og in 16 M) Hft i+f- 
H« H* « = 0-048, 8 Ti t in 8 (i) 00*; 005 z - 0.462. 8 0 3 in 8 «) * - 0^, 8 Ms. in' 
8 «) ^ - 0.106, 18 0 4 in 16 (j) '* - 0.148, 8 Ti 8 in 8 (i) z - 0.862, 8 O, in 8 «) z -0802 
SMejinSWs-O^l.SOsin^W Hfc Hi 

The distances (i.) and coordination will be: 



Oi — 8 O a 
0 8 -4 Oj 
0 8 -4 0 4 
0 6 -4 O,. 



- 2.78 
2.84 
2.84 
2.91 



0 8 — 4 0 8 = 2.73 
0 4 -4 0 4 = 2.73 
O e -4 O e = 2.73 



Me, -4 Og-3.10 
Meg — 4 0 8 = 2.75 
Meg — 4 O4-2.6I 



Me! - 8 O, - 2.78 
Mex-4 0!«2,73 



Tij-Oa- 2.09 
Ti x -4 O a = 1.9S 
Tix -<>!■= 2.00 

Ti 2 — O a = 2.09 
Ti 8 ~ 4 0 4 = 1.93 
Ti 8 -0 6 = 2.09 



Me 8 — 4 0 6 = 2.28 
Mea — 4 0 6 - 2.89 
(Me, -4 0 4 = 3.64) 

One naif of the unit cell is shown in Pig. 4. 
I wish to thank Professor L. G. SiLLfer for valuable discussions on this work. 
Stockholms HSgskola, Institute of Inorganio and Physical Chemistry. May 1950. 
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h The structure of BiaNb0 6 F and isomorphous compounds 

By Bekgt . AuRiniiLius 

With 1 figure in the text 



X-ray studies made previously on the compounds CaBialfo 2 0 9 , Bi 4 Ti 3 0 12 and 
> BaBiiTi^Ois (1) showed that they have very similar stractures. The symmetry is 
tetragonal or pseudotetragonal, and the structures are each built up of quadratic 
&a0 2 layers alternating with perovskite layers, the latter haying different heights 
in the three different cases. The generalized formula for " the compounds might be 
written Afe^ (Me m -x -RmOam+i) where Me' is the 12 WOTdmated metal atominthe 
perovskite layers and R the 6 coordinated atom. The* formula^ for tte above com- 
pounds, Bi a O 2 (0aNb a O 7 ), BiAfBiJiAo) and Bi 2 O a [(BaBi 2 ) T^O^] thus have m 
values of 2, 3 and 4. The simplest case, m = would correspond to the formula 
JfCaOaCBOJ and to a structure built up of Me 2 0 2 layers and layers of RO e ootahedra 
each octahedron sharing four coiners. Compounds of this type have, however, not 
been successfully synthesized as yet. 

The present paper deals with the compounds BiaNbOgF, Bi 2 Ta0 5 F and BigTiO^a, 
which correspond to the simplest case, m = l above, except that some of the 0 atoms 
are replaced by F atoms. The formulae of the compounds might thus be written* 
Bi B (0, FJgNb (0, F) 4 etc. 



Preparation, powder photographs and analyses 

BigNbOsF: Wien a mixture of BiF 3 and Nb B 0 6 in the mol ratio 4:1 was heated 
in air at 800° 0 for a short time, a few single crystals (very thin plates) were obtained. 
Powder photographs of this sample indicated a tetragonal unit cell with the same 
cell dimensions as would be expected for the above general type when m^l. The 
best conditions for the formation of this phase were then studied by heating 2.6 g 
mixtures (2BiF 8 + V a Nb B O fi ) in air at. 640° C, this low temperature being chosen to 
.reduce the Volatility of the BiF 8 . The reaction times were varied from 5-40 hours, 
and powder photographs were taken of each product. For reaction times of 7-15 
hours the lines of the above tetragonal phase predominated in the powderphotographs, 
the few extra lines were very weak (see Table 1). 

The fluorine content was found to vary from 4.0 % (7 hours) to 2.4 % (16 hours), 
whereas the calculated value for BijNbOgF is 3.2 %. No variation in the size of the 
cell with the fluorine content was found, and it therefore seems probable that the 
composition of the phase is constant and that the observed variation in the F content 
is due to the presence of small impurities which are not visible in the powder photo- 
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Table 1 

Powder photographs of B^NbO^ (sample with 2.8 % F) 
OrK radiation Ac, ir= 2.2909 k 
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graphs Tooheokthat the Bi/Nb ratio had not changed essentiaUy diiiing &e heating 
a complete analya^ was made on one sample (9 hours heating). The f ollowing values 
3?+0 2% ** mean ° f ^ K: 68.0+0.6%, Nb: 14.2±0.6%, F: 

The values calculated for BiaNbOgF are: 

Bi: m6i Nb: 15.2%, F: 3.2%. 
From these figures it seems probable that the formula of the compoundisBiaNbOsF. 

wf 1 ^?^^^^ ^f"^ 7 . ^ 8311116 Way 88 Bi2NbO^. No analysis 
?? powder P^g»pHa were similar to those of BioNbCXF and 
niobium and tantalum compounds are usually isomorphous. 
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Fig. 1. One half of the unit cell of B^NbO^F. A denotes the region of Nb (O, F) 4 oofcahedra 

and B the 65,(0, F), layers. 

Bl a Ti0 4 F a : Mixtures of bismuth fluoride and titanium oxide in the mol ratio 
2 : 1 (total 2,3 g) were heated in air at 640° for various lengths of thime. The powder 
photographs obtained from samples heated for 3 or 5 hours could be interpreted by 
assuming a mixture of BiOF (2) and a phase whose cell dimensions were nearly 
the same as those of BiaNbO^F. (See Table 2, where the reflexions from the BiOF 
phase are designated by 6 and those from the other phase by a). The fluorine contents 
of the mixed samples were found to be 6.4 % (5 hours) and 8.4 % (3 hours) but no 
variation of the cell size with the fluorine content was found. The calculated values 
are 7 ; 8 % for BiOF and 6,7 % for Bi 8 TiO tf F 2 . From the original Bi/Ti ratio, from the 
fluorine analysis and from the similarity of the powder photographs with those 
of BifiNbOfiF (Tables 1 and 2), it was concluded that the formula of the phase is 
Bi a Ti0 4 F B , 

Methods of analysis: Fluorine. The samples were first decomposed by fusing 
with NaOH, and were then, distilled, with HC10 4 as described by Willard and Winter 
(3) . The distillate was titrated with Th(N0 8 ) 4 using Na-alizarinsulphonate as indicator. 

Bismuth and Niobium. The samples were brought into solution, and niobium 
was determined as described in Scott's "Standard Methods" (4). Bismuth was first 
precipitated as Bi^, which was then redissolved, converted to Bi.O. and weighed 
as such. 

Unit cells and space group 

The dimensions of the unit cells were determined from powder photographs taken 
with focusing cameras of the Phragmen type (Tables 1 and 2). The radiation used ; • 
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Tabh 2 

(*Oir tt -2.2909 A), g denotes the Bi 8 TiO,F a phase and b the BiOF phase 
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hkl 



phase 



{ 



226 
310 
204 
312 
3 10 
105 
305 



a 
a 
b 
a 
b 
b 
a 



10« sin* Scale 



0033 

9078 

9136 

9275 

9319 

9382 \ 

9400 / 



Jobs 



9027 
9072 
9136 
9272 
9319 

9384 



m 
w 

m 



"'•w^'** 8 ^^a 8 " 2 ' 2909 A* menfdoned above the powder photographs could 
■ Y$ ^^P 16 *^ ^7 assuming tetragonal unit cells; the cell dimensions are given below. 



«(A) e(A) 

BiaNbOsF . . 3.835 16.63 

Bi a Ta0 6 F 3.829 16.64 

BiJSOJff, 3.802 16.33 

The errors in these figures are estimated to be +0,1 %. 
The observed density was 8.0 for Bi a Nb0 6 F (preparation with 2.8% F), which 
. agrees -fairly well* with the assumption of 2 formula units per unit cell, giving a 
calculated density of 8.26. 

Zero and first order Weissenberg photographs around the a axis were taken. There 
was nothing in the Weissenberg photographs to indicate a Laue symmetry lower 
than Du—4:/mmm. The only extinctions found were that A, k, I were absent for 
h+t+l odd, which is characteristic of the space groups GJ», -DL* and Dll. 

Powder photographs only were taken of the compounds BiaTaOfiF and Bi a Ti0 4 F 2 , 
and from these it was concluded that these substances are isomorphous with Bi aNbOgJ 1 ! 

Positions of the metal atoms 

Bi s Nb0 6 F: With 2 formula units per unit cell there are 4 Bi and 2 Nb atoms per 
unit cell. The intensities of the spots in the Weissenberg photographs seemed in 
the main to depend only on the I values. Thus for I even 7 00l ^ J u ^/ 20l etc. and 
*J od< *: hoz^Ini^hoi etc. With these intensity values a good approximation of 
the Patterson-Harker function along 00* could be obtained by using only the inten- 
sity values oihOlmdhll The Patterson-Harker function thus calculated (not given 
here) showed only one, big, maximum, at 2=0,34. This maximum, and the absence 
of others, could be explained only by assuming that 4 Bi atoms are situated at the 
positions ±002 with 0=0.17 or z«0.33, and the Nb atoms at the positions OOi 
or 000. Arbitrarily choosing 000 as the position for Nb, trial and error calculations 
gave the value 0.325 for the Bi parameter. 

No determination of z Bi was made for B^TaOfiF. 

For Bi 2 Ti0 4 F a the powder photograph data were used to determine the Bi para- 
meter. Assuming the Ti atoms to be situated at 0 0 0 and the O and the F atoms to 
occupy the same positions as given below for BiaNb0 6 F, the value z ai =0.327 ±0.006 
was obtained from trial and error calculations. 
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Positions of the 0 and the F atoms 

The positions of the 0 and the F atoms could not be distinguished either from the 
diffraction data, or from space considerations because of the similarity in the re- 
flecting power and ionic radii of O 2 " and F~. The problem is therefore treated as 
though 0 and F were the same atomic species. In the following, the O and the E 
atoms are denoted by (0, F) and the discussion relates to BigNbO,F for which *« 
could be accurately determined from the Weissenberg photographs. 

It seemed reasonable to assume that the Nb atoms are surrounded by a regular 
or nearly regular octahedron of (0, F) atoms with distances Nb-{0, F)~2.0 A. 
Neglecting the polar space group 0$,, these conditions are fulfilled only if 4 (O, F) 
atoms, here called (0, F) x , are situated at the positions ±00js with 3*0.12, and 
4 r (O, F) atoms, (O, F)g, at the positions 0 JO, J 00. Assuming the distance (0,F)- 
(O, F) to be ^ 2.5 A and the distance Bi-(0, F) to be £ 2.2 A there is only room for 
the remaining 4 (O, F) atoms, (O, F) 8 , at the positions 0|i, $0*. 
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The coordination and distances in A will be: 



Bir-4(0, F) 3 -2.29 
Bi-4(0,F) 1 «2.9 
,(0,F) 8 ^(0,F) 3 =2.71 
(0,^-4(0,^=2.9 



Nb-2(0, F) x «2;0 
Nb-4(0, F) 2 =1.92 
(0,F)Ht(0,F) 2 -2.7i 
(0^-4(0,^=2.8 



The proposed structure is given in the summary. Calculated and observed intensi- 
ties for the reflexions in the Weissenberg photographs are given in Table 3. Jcaic is 
derived as follows: 



l + cos fl 29 
16OO-sin20 



where F = Xf cos 2*r(ix + ky+lz). 



The lines of maximum absorption in the Weissenberg photographs (see 6) are 
indicated by dotted lines in Table 3. If the absorption effects are taken into account, 
the agreement between calculated and observed intensities is quite good 
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Discussion of the structure 

Even if the (0, F) x atoms (see above) are assumed to occupy such a do** I 
that the distance BH^O.Ffc is as small as possible fit (0,^=0.16 (0^°% 

stall be much longer than the distance Bi-^ (O.BV It therefore seen* 7$ 
propnate to describe the structure of Bi s NbO e F as being built up of BUO * 
layers alternating with octahedral layers having the composition Nb (O, FL wS« 

tS"/^ ^^^^ to the <wuriB - 14 be Ported out that the b&S«1 
of Bi a (0 F) a Nb(0, F^isbasicaUyofthesametypeaethe'^s^ 
previously investigated bySnj±er(6).Thustheo<>tahedral& P 
to single layers of halogen atoms, X, in Me t O^.. vj 5 ". 

Discussion of the distribution of the O and the F atoms 

As seen above, the distance Bi-4(0, F) s is 2.29 A for Bi JTbOjF. For 
the corresponding distance is calculated to be 2.26 ±0.06 A. These distances \£n " 
very nearly the Bame as the corresponding distances, BiHt O, within the BLO & 
layers of other bismuth oxicompounds (6). This need not, however, necessarily 
that the Bi^O, F) a layers (see the figure) are free from F atoms, since compounds *i 
with Bij(0, F) a layers which certainly contain F atoms have not been investigated 
hitherto, and thus the distances within such layers are unknown. 

For the present it seems therefore best to make no special assumptions as to the 
distnbution of the O and F atoms. - 



K-;;:jrevio- 



«L j&neraL 
•Ed. 6 (1 
edited b 
(1937) 4 



SUMMARY 



The crystal structure of Bi 2 Nb0 5 F has been investigated by means of Weissenberg 
^ ™W e £ photographB - ¥com Ponder photographs the compounds Bi 2 TaO B F and- 
^TiOjT, have been found to be isomorphous with BiaNbOgF. The following struc- 
ture is proposed for BijNbOjF: 



I>i 7 



2=0.325±0.001 
s~0.12-l-0.01 



-1 4/mmm 

(000, m) + 
2m in 2 (a): 000 
4Bi in4(e):±00z 
4(O,F) 1 in4(c):0i0, i00 
4(0,F) a in4(e): ±00z 
4(O,F) 8 in4(d):0H, *0* 

The cell dimensions are o- 3.835 A, c- 16.63 A for Bi^NbOjF. The positions of 
the metal atoms were determined from the diffraction data, those of the (0, F) 
atoms from space considerations. Although it does not seem improbable that 0 atoms 
alone occupy the positions OH, 40f, Bi and 0 thus forming Bi a O. layers as 
in other bismuth paoompounds, nothing can be definitely stated as to the distribu- 
tion of the O and F atoms. 

The structure is built up of quadratic Bi a (0, F) a layers alternating with octahedral 
sheets having the composition Nb(0,F) 4 (see figure) and the formula might thus 
be written: Bi a (0, FJjNtyO, F) 4 . The structure is formally related to a series of 
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.previously investigated structures of general formula 2fcfejO a (M&JR m 0 2m .J and 
represents the simplest case of this series, i.e. m=l. 

University of Stockholm, Institute of Inorganic and Physical Chemistry, May 1952. 

BEErapNOES. L Aurivlllius, B., Arkiv Kami 2 (1950) 519. — 2. , Axkiv Komi 

ifiaeral. GeoL, 26 B (194S) mo 2. — 3. Willard, H. H. and Winter, O. B M lad. Eng. Chem. AaaL 
Bd. 5 (1933) 7. — 4. Standard Methods of Chemical Analysis by W. W. Scott, fifth edition 
edited by N. H. Purman, New York 1925, p. 335 and p. 338. — 5. Wells, A. F.. Z. Krist. 96 
(1937) 451. — 6. Sillen, L. G., Dissert. Stockholm 1940. 
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Perovskite and Cuprate 
Crystallographic Structures 



I INTRODUCTION 

Chapter 3 shows that the majority of 
single-element crystals have highly sym- 
metrical structures, generally fee or bec, in 
which their physical properties are the 
same along the three crystallographic di- 
rections x, y, and z. The NaCl-type and 
A15 compounds are also cubic. Some com- 
pounds do have lower symmetries, showing 
that superconductivity is compatible with 
many different types of crystallographic 
structure, but higher symmetries are cer- 
tainly more common. In this chapter we 
will describe the structures of the high- 
temperature superconductors, almost all of 
which are tetragonal or orthorhombic. 

In Chapter 3, we also gave some exam- 
ples of the role played by structure in 
determining the properties of supercon- 
ductors. The highest transition tempera- 



tures in alloys of transition metals are at 
the boundaries of instability between the 
bec and hep forms. The NaCl-type com- 
pounds have ordered vacancies on one or 
another lattice site. The magnetic and su- 
perconducting properties of the Chevrel 
phases depend on whether the large mag- 
netic cations (i.e., positive ions) occupy 
eightfold sites surrounded by chalcogenide 
ions or whether the small magnetic ions 
occupy octahedral sites surrounded by Mo 
ions. 

The structures described here are held 
together by electrons that form ionic or 
covalent bonds between the atoms. No ac- 
count is taken of the conduction electrons, 
which are delocalized over the copper ox- 
ide planes and form Cooper pairs respon- 
sible for the superconducting properties 
below T c . The following chapter will be 
devoted to explaining the role of these 
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conduction electrons within the frame- 
works of the Hubbard model and band 
theory. Whereas the present chapter de- 
scribes atom positions in coordinate space, 
the following chapter relies on a reciprocal 
lattice elucidation of these same materials. 

We begin with a description of per- 
ovskite and explain some reasons that per- 
ovskite undergoes various types of distor- 
tions. This prototype exhibits a number 
of characteristics that are common to 
the high-temperature superconducting 
cuprates (see Section V). We will empha- 
size the structural commonalities of these 
materials and make frequent comparisons 
between them. Our earlier work (Poole et 
aL, 1988) and the comprehensive review by 
Yvon and Frangois (1989) may be con- 
sulted for more structural detail on the 
atom positions, interatomic spacings, site 



and thallium high temperature supercon- 
ductors (Medvedeva et al. 9 1993). 

We assume that all samples are well 
made and safely stored. Humidity can af- 
fect composition, and Garland (1988) found 
that storage of YBa 2 Cu 3 0 7 _ 5 in 98% 
humidity exponentially decreased the dia- 
magnetic susceptibility with a time con- 
stant of 22 days. 



II. PEROVSKITES 

Much has been written about the 
high-temperature superconductors being 
perovskite types, so we will begin by de- 
scribing the structure of perovskites. The 
prototype compound barium titanate, 
BaTi0 3 , exists in three crystallographic 
forms with the following lattice constants 
and unit cell volumes (Wyckoff, 1964): 



cubic: a =b=c = 4.0118 A J/= 64.57 A 3 

tetragonal: a = b = 3.9947, c = 4.0336 K= 64.37 A 3 (7.1) 

ort/iorhombic: a = 4.009\/2 A, b = 4.018\/2 A, c = 3.990 A K= 2(64.26) A 3 



symmetries, etc., of these compounds. 
There have been reports of superconduc- 
tivity in certain other cuprate structures 
(e.g., Murphy et a/., 1987), but these will 
not be reported on in this chapter. 

There is a related series of layered 
compounds Bi 2 0 2 (M m _ 1 /? /n 0 3m + 1 ) called 
Aurivillius (1950, 1951, 1952) phases, with 
the 12-coordinated M = Ca, Sr, Ba, Bi, Pb, 
Cd, La, Sm, Sc, etc., and the 6-coordinated 
transition metal R = Nb, Ti, Ta, W, Fe, 
etc. The m = l compound Bi 2 Nb0 6 be- 
longs to the same tetragonal space group 
U/mmm, D\\ as the lanthanum, bismuth, 



For all three cases the crystallographic axes 
are mutually perpendicular. We will com- 
ment on each case in turn. 

A Cubic Form 

Above 201°C barium titanate is cubic 
and the unit cell contains one formula unit 
BaTi0 3 with a titanium atom on each apex, 
a barium atom in the body center, and an 
oxygen atom on the center of each edge of 
the cube, as illustrated in Fig. 7.1. This 
corresponds to the barium atom, titanium 
atom, and three oxygen atoms being placed 
in positions with the following jc, y y and z 
coordinates: 



Esite: Ti 
Fsite: O 

Csite: Ba 



(0,0,0) Ti on apex 

(0,0, i); (0,^,0); (^,0,0) three oxygens 

centered on edges 
(2* l>i) Ba in center. 



(7.2) 
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Figure 7.1 Barium titanate (BaTi0 3 ) perovskite 
cubic unit cell showing titanium (small black circles) 
at the vertices and oxygen (large white circles) at the 
edge-centered positions. Ba, not shown, is at the body 
center position (Poole et ai, 1988, p. 73). 



The barium in the center has 12 nearest- 
neighbor oxygens, so we say that it is 12- 
fold coordinated, while the titanium on 
each apex has 6-fold (octahedral) coordi- 
nation with the oxygens, as may be seen 
from the figure. (The notation E for edge, 
F for face, and C for center is adopted for 
reasons that will become clear in the dis- 
cussion which follows.) Throughout this 
chapter we will assume that the z-axis is 
oriented vertically, so that the jc and y 
axes lie in the horizontal plane. 

Ordinarily, solid-state physics texts 
place the origin (0,0,0) of the perovskite 
unit cell at the barium site, with titanium 
in the center and the oxygens at the cen- 
ters of the cube faces. Our choice of origin 
facilitates comparison with the structures 
of the oxide superconductors. 

This structure is best understood in 
terms of the sizes of the atoms involved. 
The ionic radii of O 2 " (1.32 A) and Ba 2+ 
(1.34 A) are almost the same, as indicated 
in Table 7.1, and together they form a 
perfect fee lattice with the smaller Ti 4+ 
ions (0.68 A) located in octahedral holes 
surrounded entirely by oxygens. The octa- 
hedral holes of a close-packed oxygen lat- 
tice have a radius of 0.545 A; if these holes 
were empty the lattice constant would be 
a== 3.73 A, as noted in Fig. 7.2a. Each 
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titanium pushes the surrounding oxygens 
outward, as shown in Fig. 7.2b, thereby 
increasing the lattice constant. When the 
titanium is replaced by a larger atom, the 
lattice constant expands further, as indi- 
cated by the data in the last column of 
Table 7.2. When o Ba is replaced o by the 
smaller Ca (0.99 A) and Sr (1.12 A) ions, 
by contrast, there is a corresponding de- 
crease in the lattice constant, as indicated 
by the data in columns 3 and 4, respec- 
tively, of Table 7.2. All three alkaline 
earths, Ca, Sr, and Ba, appear prominently 
in the structures of 3 high-temperature 
superconductors. 

B. Tetragonal Form 

At room temperature barium titanate 
is tetragonal and the deviation from cubic, 
(c-a)/\(c+a\ is about 1%. All of the 
atoms have the same jc, y coordinates as in 
the cubic case, but are shifted along the 
z-axis relative to each other by - 0.1 A, 
producing the puckered arrangement 
shown in Fig. 7.3. The distortions from the 
ideal structure are exaggerated in this 
sketch. The puckering bends the Ti-O-Ti 
group so that the Ti-O distance increases 
while the Ti-Ti distance remains almost 



Table 7.1 Ionic Radii for Selected 
Elements 0 



Small 


Cu 2+ 


0.72 A 


Bi 5 + 


0.74 A 


Small- 


Cu + 


0.96 A 


Y 3 + 


0.94 A 


Medium 












Bi 3+ 


0.96 A 


n 3+ 


0.95 A 




Ca 2+ 


0.99 A 


Bi 3+ 


0.96 A 




Nd 3+ 


0.995 A 






Medium- 


Hg 2+ 


1.10 A 






Large 


Sr 2+ 


1.12 A 


La 3+ 


1.14 A 




Pb 2+ 


1.20 A 


Ag + 


1.26 A 


Large . 


K + 


1.33 A 


O 2 " 


1.32 A 




Ba 2+ 


1.34 A 


F" 


1.33 A 



a See Table VI-2 of Poole et al. (1988) for a 



more extensive list. 
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(b) 



Figure 7.2 Cross section of the perovskite unit cell 
in the z - 0 plane showing (a) the size of the octahe- 
dral hole (shaded) between oxygens (large circles), 
and (b) oxygens pushed apart by the transition ions 
(small circles) in the hole sites. For each case the 
lattice constant is indicated on the right and the 
oxygen and hole sizes on the left (Poole et aL, 1988, 
p. 77). 




Figure 7.3 Perovskite tetragonal unit cell showing 
puckering of Ti-O layers that are perfectly flat in the 
cubic cell of Fig. 7.1. The notation of Fig. 7.1 is used 
(Poole et a/., 1988, p. 75). 



the same. This has the effect of providing 
more room for the titanium atoms to fit in 
their lattice sites. We will see later that a 
similar puckering distortion occurs in the 
high-temperature superconductors as a way 
of providing space for the Cu atoms in the 
planes. 

C Orthorhombic Form 

There are two principal ways in which 
a tetragonal structure distorts to form an 
orthorhombic phase. The first, shown at 



Table 7.2 Dependence of Lattice Constants a of Selected 
Perovskites AM0 3 on Alkaline Earth A and Ionic Radius of 
Transition Metal Ion M + 4 ; the Alkaline Earth Ionic Radii 
are 0.99 A (Ca), 1 .1 2 A (Sr), and 1.34 A (Ba) fl 

o 

Lattice constant a, A 



Transitional 
metal 


Transitional metal 
radius, A 


Ca 


Sr 


Ba 


Ti 


0.68 


3.84 . 


3.91 


4.01 


Fe 






3.87 


4.01 


Mo 


0.70 




3.98 


4.04 


Sn 


0.71 


3,92 


4.03 


4.12 


Zr 


0.79 


4.02 


4.10 


4.19 


Pb 


0.84 






4.27 


Ce 


0.94 


3.85 


4.27 


4.40 


Th 


1.02 


4.37 


4.42 


4.80 


° Data from Wyckoff (1964, pp. 391ff). 



II. PEROVSKITES 

the top of Fig. 7.4, is for the 6-axis to 
stretch relative to the a-axis, resulting in 
the formation of a rectangle. The second, 
shown at the bottom of the figure, is for 
one diagonal of the ab square to stretch 
and the other diagonal to compress, result- 
ing in the formation of a rhombus. The 
two diagonals are perpendicular, rotated 
by 45° relative to the original axes, and 
become the a\ b' dimensions of the new 
orthorhombic unit cell, as shown in Fig. 
7.5. These a', b' lattice constants are ~ yfl 
times longer than the original constants, so 
that the volume of the unit cell roughly 
doubles; thus, it contains exactly twice as 
many atoms. (The same yfl factor appears 
in Eq. 7.1 in our discussion of the lattice 
constants for the orthorhombic form of 
barium titanate.) 

When barium titanate is cooled below 
5°C it undergoes a diagonal- or rhombal- 
type distortion. The atoms have the same z 
coordinates (z = 0 or ±) as in the cubic 
phase, so the distortion occurs entirely in 
the x,y-plane, with no puckering of the 
atoms. The deviation from tetragonality, as 
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2 = 1/2 
Layer 



2 = 0 
Layer 




Figure 7.5 Rhombal expansion of monomolecular 
tetragonal unit cell (small squares, lower right) to 
bimolecular orthorhombic unit cell (large squares) 
with new axes 45° relative to the old axes. The atom 
positions are shown for the z = 0 and z = \ layers 
(Poole et aL, 1988, p. 76). 



given by the percentage of anisotropy, 





Figure 7 A Rectangular- (top) and rhombal- (bot- 
tom) type distortions of a two-dimensional square 
unit cell of width a (Poole et aL, 1989). 



100U>-fl| 

% ANIS = -j— = 0.22%, 

j\b + a) 



(7.3) 



is less than that of most orthorhombic 
copper oxide superconductors. We see 
from Fig. 7.5 that in the cubic phase the 
oxygen atoms in the z = 0 plane are sepa- 
rated by 0.19 A. The rhombal distortion 
increases this O-O separation in one di- 
rection and decreases it in the other, in 
the manner indicated in Fig. 7.6a, to pro- 
duce the Ti nearest-neighbor configuration 
shown in Fig. 7.6b. This arrangement helps 
to fit the titanium into its lattice site. 

The transformation from tetragonal to 
orthorhombic is generally of the rhombal 
type for (La,_ x Sr J ) 2 Cu0 4 and of the recti- 
linear type for YBa 2 Cu 3 0 7 _ 5 . 
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(a) 



(b) 




Figure 7.6 Shift of the oxygens in the a, 6-plane 
around the titanium atom of perovskite from the 
room-temperature tetragonal (and cubic) configura- 
tion (a) to the rhombai configuration (b) of its low- 
temperature orthorhombic structure. 

D. Planar Representation 

Another way of picturing the structure 
of perovskite is to think of the atoms as 
forming horizontal planes. If we adopt the 
notation [E F C] to designate the occupa- 
tion of the E, F, and C sites, the sketches 
of perovskite presented in Figs. 7.1 and 7.3 
follow the scheme 

z = 1 [Ti0 2 -1 Ti at E, O at two F sites 

2 = \ [O-Ba] O at E, Ba at C 

z = 0 [Ti0 2 -] Ti at E, O at two F sites. 

(7.4) 

The planes at the heights 2 = 0, \, and 1 
can be labeled using this notation. The 



usefulness of this labeling scheme will be 
clarified in Section V. 

This completes our treatment of the 
structure of perovskite. We encountered 
many features that we will meet again in 
the analogous superconductor cases, and 
established notation that will be useful in 
describing the structure of the cuprates. 
However, before proceeding we present 
details about a cubic and a close-to-cubic 
perovskite superconductor in the following 
two sections. 



III. CUBIC BARIUM POTASSIUM 
BISMUTH OXIDE 

The compound 

Ba^K^BKV,, 

which forms for x > 0.25, crystallizes in the 
cubic pervoskite structure with a = 4.29 A 
(Cava et al, 1988; Jin et al, 1992; Mattheiss 
et al, 1988). K + ions replace some of the 
Ba 2+ ions in the C site, and Bi ions occupy 
the E sites of Eq. (7.2) (Hinks et al, 1988b; 
Kwei et al, 1989; Pei et al, 1990; Salem- 
Sugui et al, 1991; Schneemeyer et al, 
1988). Some oxygen sites are vacant, as 
indicated by y. Hinks et al (1989) and Pei 
et al (1990) determined the structural 
phase diagram (cf. Kuentzler et al, 1991; 
Zubkus et al, 1991). We should note from 
Table 7.1 thayhe potassium (1.33 A) and 
barium (1.32 A) ions are almost the same 
size, and that Bi 5+ (0.74 A) is close to 
Ti 4+ (0.68 A). Bismuth represents a mix- 
ture of the valence states Bi 3+ and Bi 5+ 
which share the Ti 4+ site in a proportion 
that depends on x and y. The larger size 
(0.96 A) of the Bi 3+ ion causes the lattice 
constant a to expand 7% beyond its cubic 
BaTi0 3 value. Oxygen vacancies help to 
compensate for the larger size of Bi 3+ . 

It is noteworthy that Ba,_ jr K x Bi0 3 _ y 
becomes superconducting at a tempera- 
ture (~40 K for jc^0.4) that is higher 
than the T c of all of the A15 compounds. 
This compound, which has no copper, has 
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been widely studied in the quest for clues 
that would elucidate the mechanism of 
high-temperature superconductivity. Fea- 
tures of Ba 1 _ JC K^Bi0 3 _ > , such as the fact 
that it contains a variable valence state ion 
and utilizes oxygen vacancies to achieve 
charge compensation, reappear in the 
high-temperature superconducting com- 
pounds. 



IV. BARIUM LEAD BISMUTH OXIDE 

In 1983 Mattheiss and Hamann re- 
ferred to the 1975 "discovery by Sleight et 
al of high-temperature superconductivity" 
in the compound BaPb I _ x Bi jr 0 3 in the 
composition range 0.05 <x< 0.3 with T c 
up to 13 K. Many consider this system, 
which disproportionates 2Bi 4+ -> Bi 3+ + 
Bi 5+ in going from the metallic to the 
semiconducting state, as a predecessor to 
the LaSrCuO system. 

The metallic compound BaPb0 3 is a 
cubic perovskite with the relatively large 
lattice constant (Wyckoff, 1964; cf. Nitta et 
al, 1965; Shannon and Bierstedt, 1970) 
listed in Table 7.3. At room temperature 
semiconducting BaBi0 3 is monoclinic 
(a~b~c/}/2, 0 = 90.17°), but close to 
orthorhombic (Chaillout et al, 1985; Cox 
and Sleight, 1976, 1979; cf. Federici et al, 
1990; Jeon et al, 1990; Shen et al, 1989). 
These two compounds form a solid solu- 
tion series BaPb 1 _ x Bi JC 0 3 involving cubic, 
tetragonal, orthorhombic, and monoclinic 
modifications. Superconductivity appears in 
the tetragonal phase, and the metal-to- 
insulator transition occurs at the tetrag- 
onal-to-orthorhombic phase boundary x ~ 
0.35 (Gilbert et al, 1978; Koyama and 
Ishimaru, 1992; Mattheiss, 1990; Mattheiss 
and Hamann, 1983; Sleight, 1987; cf. Ban- 
sil et al, 1991; Ekino and Akimitsu, 1989a, 
b; Papaconstantopoulous et al, 1989). 

The compound resembles 

Ba^K.BKV, 



with its variable Bi valence states, but it 
differs in not exhibiting superconductivity 
in the cubic phase. 

V. PEROVSKITE-TYPE 
SUPERCONDUCTING STRUCTURES 

In their first report on high-tempera- 
ture superconductors Bednorz and Muller 
(1986) referred to their samples as 
"metallic, oxygen-deficient . . . perovskite- 
like mixed-valence copper compounds." 
Subsequent work has confirmed that the 
new superconductors do indeed possess 
these characteristics. 

In the oxide superconductors Cu 2+ re- 
places the Ti 4+ of perovskite, and in most 
cases the Ti0 2 -perovskite layering is re- 
tained as a Cu6 2 layering with two oxy- 
gens per copper. Because of this feature of 
Cu0 2 layers, which is common to all of the 
high-temperature superconductors, such 
superconductors exhibit a uniform lattice 
size in the a, 6-plane, as the data in Table 
7.3 demonstrate. The compound BaCu0 3 
does not occur because the Cu 4+ ion does 
not form, but this valence constraint is 
overcome by replacement of Ba 2+ by a 
trivalent ion, such as La 3+ or Y 3+ , by a 
reduction in the oxygen content, or by 
both. The result is a set of "layers" con- 
taining only one oxygen per cation located 
between each pair of Cu0 2 layers, or none 
at all. Each high-temperature supercon- 
ductor has a unique sequence of layers. 

We saw from Eq. (7.2) that each atom 
in perovskite is located in one of three 
types of sites. In like manner, each atom at 
the height z in a high-temperature super- 
conductor occupies either an Edge (E) site 
on the edge (0,0, z), a Face (F) site on the 
midline of a face ((0,|,z) or (^,0, z) or 
both), or a Centered ; (C) site centered ' 
within the unit cell on the z-axis (\,\,z). 
The site occupancy notation [E F C] is 
used because many cuprates contain a suc- 
cession of [Cu 0 2 -] and [- 0 2 Cu] lay- 
ers in which the Cu atom switches between 
edge and centered sites, with the oxygens 
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A 



• Cu 

oo 

A B*» Bl, Ca,Sf,UY 




Ca E - Layer 

[Ca»J 

Layers 



Ca C- Layer 

I"Ca] 

Imago Layers 



Figure 7.7 Types of atom positions in the layers of 
a high-temperature superconductor structure, using 
the edge, face, center notation [E F Cl Typical site 
occupancies are given in the upper right (Poole et aL, 
1989). 



remaining at their face positions. Similar 
alternations in position take place with Ba, 
O, and Ca layers, as illustrated in Fig. 7.7. 

Hauck et al (1991) proposed a classi- 
fication of superconducting oxide struc- 
tures in terms of the sequence (1) super- 
conducting layers [Cu 0 2 -]and[-0 2 Cu], 

(2) insulating layers, such as [Y ] 

or [ Ca], and (3) hole-donating layers, 

such as [Cu O b -] or [Bi - O]. 

The high-temperature superconductor 
compounds have a horizontal reflection 
plane (± to z) called <r H at the center of 
the unit cell and another a h reflection 
plane at the top (and bottom). This means 
that every plane of atoms in the lower half 
of the cell at the height z is duplicated in 
the upper half at the height 1-2. Such 
atoms, of course, appear twice in the unit 
cell, while atoms right on the symmetry 
planes only occur once since they cannot 
be reflected. Figure 7.8 shows a [Cu 0 2 -] 
plane at a height z reflected to the height 
1-z. Note how the puckering preserves the 
reflection symmetry operation. Supercon- 
ductors that have this reflection plane, but 
lack end-centering and body-centering op- 



e; ,t '.f., - 
r .v r. * J 

... ■ ..- ' 




Figure 7.8 Unit cell of YBa 2 Cu 3 0 7 showing the molecular 
groupings, reflection plane, and layer types. 
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erations (see Section VII), are 
aligned because all of their copper atoms 
are of one type; either all on the edge 
(0,0,2) in E positions or all centered 
(|, j, z) at C sites. In other words, they all 
lie one above the other on the same verti- 
cal lines, as do the Cu ions in Fig. 7.8. 



VI. ALIGNED YBa 2 Cu 3 0 7 

The compound YBa 2 Cu 3 0 7 , some- 
times called YBaCuO or the 123 com- 
pound, in its orthorhombic form is a 
superconductor below the transition tem- 
perature T c ~ 92 K. Figure 7.8 sketches the 
locations of the atoms, Fig. 7.9 shows the 
arrangement of the copper oxide planes, 
Fig. 7.10 provides more details on the unit 
cell, and Table 7.4 lists the atom positions 
and unit cell dimensions (Beno et ai, 1987 
Capponi et ai, 1987; Hazen et ai, 1987 
Jorgensen et ai, 1987; Le Page et ai, 1987 
Siegrist et aL, 1987; Yan and Blanchin, 
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called 1991; see also Schuller et ai, 1987). Con- 
sidered as a perovskite derivative, it can be 
looked upon as a stacking of three per- 
ovskite units BaCu0 3 , YCu0 2 , and 
BaCu0 2 , two of them with a missing oxy- 
gen, and this explains why c ~ 3a. It is, 
however, more useful to discuss the com- 
pound from the viewpoint of its planar 
structure. 



A. Copper Oxide Planes 

We see from Fig. 7.9 that three planes 
containing Cu and O are sandwiched be- 
tween two planes containing Ba and O and 
one plane containing Y. The layering 
scheme is given on the right side of Fig. 
7.8, where the superscript b on O indicates 
that the oxygen lies along the 6-axis, as 
shown. The atoms are puckered in the two 
[Cu 0 2 -] planes that have the [- - Y] 
plane between them. The third copper ox- 
ide plane [Cu O b -], often referred to as 



CuO 11.68* 




Ba 2.16 
O 1.B3 



CuO 0 



Figure 7.9 Layering scheme of orthorhombic YBa 2 Cu 3 0 7 with the puckering indi- 
cated. The layers are perpendicular to the oaxis (Poole et ai, 1988, p. 101). 




Figure 7,10 Sketches of the superconducting orthorhombic (left) 
and nonsuperconducting tetragonal (right) YBaCuO unit cells. Ther- 
mal vibration ellipsoids are shown for the atoms. In the tetragonal 
form the oxygen atoms are randomly dispersed over the basal plane 
sites (Jorgensen et ai, 1987a, b; also see Schuller et «/., 1987). 



Table 7 A Normalized Atom Positions in the 
YBa 2 Cu 3 0 7 Orthorhombic Unit Cell (dimensions 



a =3.83 A, b= 


3.88 A, and 


c= 


11.68 A) 




Layer 


Atom 


X 


y 


z 




Cu(l) 


0 


0 


1 


[Cu O -] 












(XI) 


0 


i 

2 


1 




CX4) 


0 


0 


0.8432 


[0 - Ba] 












Ba 


1 

2 


1 

2 


0.8146 




Cu(2) 


0 


0 


0.6445 


[Cu 0 2 -] 


CK3) 


0 


2 


0.6219 




CK2) 


I 


0 


0.6210 


[ — Y] 


Y 


1 

2 


1 

2 


i 

2 




CK2) 


1 

2 


0 


0.3790 


[Cu 0 2 -] 


<X3) 


0 


1 

2 


0.3781 




Cu(2) 


0 


0 


0.3555 




Ba 


1 

2 


1 

2 


0.1854 


[O - Ba] 












CK4) 


0 


0 


0.1568 




CXI) 


0 


2 


0 


[Cu O -] 












Cu(l) 


0 


0 


0 
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"the chains," consists of -Cu-O-Cu-O- 
chains along the b axis in lines that are 
perfectly straight because they are in a 
horizontal reflection plane cr h ; where no 
puckering can occur. Note that, according 
to the figures, the copper atoms are all 
stacked one above the other on edge (E) 
sites, as expected for an aligned-type su- 
perconductor. Both the copper oxide 
planes and the chains contribute to the 
superconducting properties. 

B. Copper Coordination 

Now that we have described the planar 
structure of YBaCuO it will be instructive 
to examine the local environment of each 
copper ion. The chain copper ion Cu(l) is 
square planar-coordinated and the two 
coppers Cu(2) and Cu(3) in the plane ex- 
hibit fivefold pyramidal coordination, as 
indicated in Fig. 7.11. The ellipsoids at the 
atom positions of Fig. 7.10 provide a meas- 
ure of the thermal vibrational motion 
which the atoms experience, since the am- 
plitudes of the atomic vibrations are indi- 
cated by the relative size of each of the 
ellipsoids. 



C. Stacking Rules 

The atoms arrange themselves in the 
various planes in such a way as to enable 
them to stack one above the other in an 
efficient manner, with very little interfer- 
ence from neighboring atoms. Steric ef- 
fects prevent large atoms such as Ba (1.34 
A) and O (1.32 A) from overcrowding a 
layer or from aligning directly on top of 
each other in adjacent layers. In many 
cuprates stacking occurs in accordance with 
the following two empirical rules: 

1. Metal ions occupy either edge or cen- 
tered sites, and in adjacent layers al- 
ternate between E and C sites. 

2. Oxygens are found in any type of site, 
but they occupy only one type in a 
particular layer, and in adjacent layers 
they are on different types of sites. 



1.93 A 




YBa 2 Cu 3 0 7 



Figure 7.11 Stacking of pyramid, square-planar, 
and inverted pyramid groups along the c-axis of or- 
thorhombic YBa 2 Cu 3 0 7 (adapted from Poole et ai, 
1988, p. 100). 



Minor adjustments to make more room 
can be brought about by puckering or by 
distorting from tetragonal to orthorhom- 
bic. 



D. Crystallographic Phases 

The YBa 2 Cu 3 0 7 _ 5 compound comes 
in tetragonal and orthorhombic varieties, 
as shown in Fig. 7.10, and it is the latter 
phase which is ordinarily superconducting. 
In the tetragonal phase the oxygen sites in 
the chain layer are about half occupied 
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in a random or disordered manner, and in 
the orthorhombic phase are ordered into 
-Cu-O- chains along the b direction. The 
oxygen vacancy along the a direction 
causes the unit cell to compress slightly so 
that a < b, and the resulting distortion is 
of the rectangular type shown in Fig. 7.4a. 
Increasing the oxygen content so that 8 < 0 
causes oxygens to begin occupying the va- 
cant sites along a. Superlattice ordering of 
the chains is responsible for the phase that 
goes superconducting at 60 K. 

YBaCuO is prepared by heating in the 
750-900°C range in the presence of vari- 
ous concentrations of oxygen. The com- 
pound is tetragonal at the highest temper- 
atures, increases its oxygen content 
through oxygen uptake and diffusion 
(Rothman et aL, 1991) as the temperature 
is lowered, and undergoes a second-order 
phase transition of the order-disorder type 
at about 700°C to the low-temperature or- 
thorhombic phase, as indicated in Fig. 7.12 
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Figure 7.12 Fractional occupancies of the (y,0,0) 
(bottom) and (0,^,0) (top) sites (scale on left), and 
the oxygen content parameter S (center, scale on 
right) for quench temperatures of YBaCuO in the 
range 0-1000°C. The 5 parameter curve is the aver- 
age of the two site-occupancy curves (adapted from 
Jorgensen et aL, 1987a; also see Schuller et aL 9 1987; 
see also Poole et aL, 1988). 



(Jorgensen et aL, 1987, 1990; Schuller et 
aL, 1987; cf. Beyers and Ahn, 1991; 
Metzger et aL, 1993; Fig. 8). Quenching by 
rapid cooling from a high temperature can 
produce at room temperature the tetrago- 
nal phase sketched on the right side of Fig. 
7.10, and slow annealing favors the or- 
thorhombic phase on the left. Figure 7.12 
shows the fractional site occupancy of the 
oxygens in the chain site (0, ^,0) as a func- 
tion of the temperature in an oxygen at- 
mosphere. A sample stored under sealed 
conditions exhibited no degradation in 
structure or change in T c four years later 
(Sequeira etaL, 1992). Ultra-thin films tend 
to be tetragonal (Streiffer et aL, 1991). 

E. Charge Distribution 

Information on the charge distribu- 
tions around atoms in conductors can be 
obtained from knowledge of their energy 
bands (see description in Chapter 8). This 
is most easily accomplished by carrying out 
a Fourier-type mathematical transforma- 
tion between the reciprocal k x ,k y , /c 2 -space 
(cf. Chapter 8, Section II) in which the 
energy bands are plotted and the coordi- 
nate x, y, z-space, where the charge is dis- 
tributed. We will present the results 
obtained for YBa 2 Cu 3 0 7 in the three ver- 
tical symmetry planes (x,z, y,z, and diago- 
nal), all containing the z-axis through the 
origin, shown shaded in the unit cell of 
Fig. 7.13. 

Contour plots of the charge density of 
the valence electrons in these planes are 
sketched in Fig. 7.14. The high density at 
the Y 3+ and Ba 2+ sites and the lack of 
contours around these sites together indi- 
cate that these atoms are almost com- 
pletely ionized, with charges of +3 and 
+ 2, respectively. It also shows that these 
ions are decoupled from the planes above 
and below. This accounts for the magnetic 
isolation of the Y site whereby magnetic 
ions substituted for yttrium do not inter- 
fere with the superconducting properties. 
In contrast, the contours surrounding the 
Cu and O ions are not characteristic of an 
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Figure 7.13 Three vertical crystallographic planes 
(*>*-> y, z-, and diagonal) of a tetragonal unit cell of 
YBa 2 Cu 3 0 7 , and standard notation for the four crys- 
tallographic directions. 
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Figure 7.14 Charge density in the three symmetry 
planes of YBaCuO shown shaded in Fig. 7.13. The x 
z, diagonal and the y, z planes are shown from left to 
nght, labeled <100>, <110>, and <010>, respectively 
These results are obtained from band structure calcu- 
lations, as will be explained in the following chapter 
(Krakauer and Pickett, 1988). 
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ordinary ionic compound. The short Cu-0 
bonds in the planes and chains (1.93-1.96 
A) increase the charge overlap. The least 
overlap appears in the Cu(2)-0(4) vertical 
bridging bond, which is also fairly long 
(2.29 A). The Cu, O charge contours can 
be represented by a model that assigns 
charges of + 1.62 and - 1.69 to Cu and O 
respectively, rather than the values of 
+2.33 and -2.00 expected for a standard 
ionic model, where the charge +2.33 is an 
average of +2, +2, and +3 for the three 
copper ions. Thus the Cu-0 bonds are not 
completely ionic, but partly covalent. 

F. YBaCuO Formula 

In early work the formula 

YBa 2 Cu 3 0 9 _ s 

was used for YBaCuO because the proto- 
type triple pervoskite (YCu0 3 XBaCu0 3 ) 2 
has nine oxygens. Then crystallographers 
showed that there are eight oxygen sites in 
the 14-atom YBaCuO unit cell, and the 
formula YBa 2 Cu 3 0 8 _ fi came into 
widespread use. Finally, structure refine- 
ments demonstrated that one of the oxy- 
gen sites is systematically vacant in the 
chain layers, so the more appropriate ex- 
pression YBa 2 Cu 3 0 7 _ 5 was introduced. It 
would be preferable to make one more 
change and use the formula Ba 2 YCu 3 0 7 _ 5 
to emphasize that Y is analogous to Ca in 
the bismuth and thallium compounds, but 
very few workers in the field do this, so we 
reluctantly adopt the usual "final" nota- 
tion. In the Bi-Tl compound notation of 
Section IX, B, Ba 2 YCu 3 0 7 _ 5 would be 
called a 0213 compound. We will follow 
the usual practice of referring to 
YBa 2 Cu 3 0 7 _ 6 as the 123 compound. 

C. YBa 2 Cu 4 0 8 and Y 2 Ba 4 Cu 7 0 15 

These two superconductors are some- 
times referred to as the 124 compound and 
the 247 compound, respectively. They have 
the property that for each atom at position 
(x,y,z) there is another identical atom at 
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0(3) 



0(3) 



Figure 7.15 Crystal structure of YBa 2 Cu 4 0 8 
showing how, as a result of the side-centering symme- 
try operation, the atoms in adjacent Cu-O chains are 
staggered along the y direction, with Cu above O and 
O above Cu (Heyen et ai t 1991; modified from Cam- 
puzano et aL, 1990). 
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(Bordel et aL, 1988, Gupta and Gupta, 
1993). The 123 single chains can vary in 
their oxygen content, and superconductiv- 
ity onsets up to 90 K have been observed. 
This compound has been synthesized with 
several rare earths substituted for Y 
(Morris et aL, 1989b). 



VII. BODY CENTERING 

In Section V we discussed aligned-type 
superconductor structures that possess a 
horizontal plane of symmetry. Most high- 
temperature superconductor structures 
have, besides this <x h plane, an additional 
symmetry operation called body centering 
whereby for every atom with coordinates 
(x,y, z) there is an identical atom with 
coordinates as determined from the follow- 
ing operation: 



>y±h z^z±\ (7.5) 



position (x,y + |,z + ±). In other words, 
the structure is side centered. This prop- 
erty prevents the stacking rules of Section 
C from applying. 

The chain layer of YBa 2 Cu 3 0 7 be- 
comes two adjacent chain layers in 
YBa 2 Cu 4 0 8 , with the Cu atoms of one 
chain located directly above or below the 
O atoms of the other, as shown in Fig. 7.15 
(Campuzano et aL, 1990; Heyen et aL, 
1990a, 1991; Iqbal, 1992; Kaldis etaL, 1989; 
Marsh et aL, 1988; Morris et aL, 1989a). 
The transition temperature remains in the 
range from 40 K to 80 K when Y is re- 
placed by various rare earths (Morris et aL, 
1989). The double chains do not exhibit 
the variable oxygen stoichiometry of the 
single ones. 

The other side-centered compound, 
Y 2 Ba 4 Cu 7 0 15 , may be considered accord- 
ing to Torardi, "as an ordered 1 : 1 inter- 
growth of the 123 and 124 compounds 

(YBa 2 Cu 3 0 7 + YBa 2 Cu 4 O g 

= Y 2 Ba 4 Cu 7 0 15 )" 



Starting with a plane at the height z this 
operation forms what is called an image 
plane at the height z + ~ in which the 
edge atoms become centered, the centered 
atoms become edge types, and each face 
atom moves to another face site. In other 
words, the body-centering operation acting 
on a plane at the height z forms a body 
centered plane, also called an image plane, 
at the height z±\. The signs in these 
operations are selected so that the gener- 
ated points and planes remain within the 
unit cell. Thus if the initial value of z is 
greater than \, the minus sign must be 
selected, viz., z->z-£. Body centering 
causes half of the Cu-O planes to be 
[Cu 0 2 -], with the copper atoms at edge 
sites, and the other half to be [- 0 2 Cu], 
with the copper atoms at centered sites. 

Let us illustrate the symmetry features 
of a body-centered superconductor by con- 
sidering the example of Tl 2 Ba 2 CaCu 2 0 8 . 
This compound has an initial plane 
[Cu 0 2 -] with the copper and oxygen 
atoms at the vertical positions z = 0.0540 
and 0.0531, respectively, as shown in Fig. 
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REFLECTED 
PLANE 
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CENTERED 
PLANE 
[-0 2 Cu] 



REFLECTED 
AND BODY 
CENTERED 
[-0 2 Cu] 



INITIAL 
PLANE 
[Cu0 2 -] 



Figure 7.76 Body-centered tetragonal unit cell 
containing four puckered Cu0 2 groups showing how 
the initial group (bottom) is replicated by reflection 
in the horizontal reflection plane (z - j), by the body 
centering operation, and by both. 



7.16. For illustrative purposes the figure is 
drawn for values of z closer to 0.1. We see 
from the figure that there is a reflected 
plane [Cu 0 2 -] at the height 1-z, an 
image (i.e., body centered) plane [- 0 2 
Cu] of the original plane at the height 
£+z, and an image plane [- 0 2 Cu] of 
the reflected plane (i.e., a reflected and 
body centered plane) at the height } — z. 
Figure 7.16 illustrates this situation and 
indicates how the atoms of the initial plane 
can be transformed into particular atoms 
in other planes (see Problem 5). Figure 
7.17 shows how the configurations of the 



Reflected 
Subcell II 



Body Centered 
Subcell III 



Reflected and 
Body Centered 
Subcell IV 



Basic 
Subcell I 



Figure 7.17 Body-centered unit cell divided into 
four regions by the reflection and body centering 
operations. 

atoms in one-quarter of the unit cell, called 
the basic subcell, or subcell I, determine 
their configurations in the other three 
subcells II, III, and IV through the sym- 
metry operations of reflection and body 
centering. 

VIII. BODY-CENTERED La 2 Cu0 4 AND 
Nd 2 Cu0 4 

The body-centered compound 
M 2 Cu0 4 

has three structural variations in the same 
crystallographic space group, namely the 
M = La and M=Nd types, and a third 
mixed variety (Xiao et al. 9 1989). Table 7.5 
lists the atom positions of the first two 
types, and Fig. 7.18 presents sketches of 
the structures of all three. Each will be 
discussed in turn. 

A. Unit Cell Generation of La 2 Cu0 4 
(T Phase) 

The structure of the more common 
La 2 Cu0 4 variety, often called the T phase, 
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Table 7.5 Atom Positions in the La 2 Cu0 4 and Nd 2 Cu0 4 Structures 



La 2 Cu0 4 structure Nd 2 CuQ 4 structure 
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Figure 7.18 (a) Regular unit ceil <T phase) associated with hole-type 
(La,_ Jt Sr x ) 2 Cu0 4 superconductors, (b) hybrid unit cell (T* phase) of the hole-type 
La 2 -x- y ^ )r Sr jt Cu0 4 superconductors, and (c) alternate unit cell (T phase) 
associated with electron-type (Nd 1 _ JC Ce^) 2 Cu0 4 superconductors. The La atoms in. 
the left structure become Nd atoms in the right structure. The upper part of the 
hybrid ceil is T type, and the bottom is T'. The crystallographic space group is the 
same for all three unit cells (Xiao et a/., 1989; see also Oguchi, 1987; Ohbayashi et 
aU 1987; Poole et aL, 1988, p. 83; Tan et al., 1990). 
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can be pictured as a stacking of Cu0 4 La 2 
groups alternately with image (i.e., body 
centered) La 2 °4 Cu groups along the c di- 
rection, as indicated on the left side of Fig. 
7.19 (Cavaet et aL, 1987; Kinoshita et aL, 
1992; Longo and Raccah, 1973; Ohbayashi 
et aL, 1987; Onoda et aL, 1987; Zolliker et 
aL, 1990). Another way of visualizing the 
structure is by generating it from the group 
Cui0 2 La, comprising the layers [O-La] 
and ^[Cu 0 2 -] in subcell I shown on the 
right side of Fig. 7.19 and also on the left 
side of Fig. 7.20. (The factor \ appears 
because the [Cu 0 2 -] layer is shared by 
two subcells.) Subcell II is formed by re- 
flection from subcell I, and subcells III 
and IV are formed from I and II via the 
body-centering operation in the manner of 
Figs. 7.16 and 7.17. Therefore, subcells I 



and II together contain the group 
Cu0 4 La 2 , and subcells III and IV together 
contain its image (body centered) counter- 
part group La 2 0 4 Cu. The BiSrCaCuO and 
TIBaCaCuO structures to be discussed in 
Section IX can be generated in the same 
manner, but with much larger repeat units 
along the c direction. 

B. Layering Scheme 

The La 2 Cu0 4 layering scheme con- 
sists of equally-spaced, flat Cu0 2 layers 
with their oxygens stacked one above the 
other, the copper ions alternating between 
the (0,0,0) and (5,5,5) sites in adjacent 
layers, as shown in Fig. 7.21. These planes 
are body-centered images of each other, 
and are perfectly flat because they are 
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Figure 7. 19 Structure of La 2 Cu0 4 (center), showing the formula units 
(left) and the level labels and subcell types (right). Two choices of unit cell 
are indicated, the left-side type unit cell based on formula units, and the 
more common right-side type unit cell based on copper-oxide layers. 
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Figure 7.20 Layering schemes of the La 2 Cu0 4 (T, 
left) and Nd 2 Cu0 4 (T\ right) structures. The loca- 
tions of the four subcells of the unit cell are indicated 
in the center column. 
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reflection planes. Half of the oxygens, 0(1), 
are in the planes, and the other half, 0(2), 
between the planes. The copper is octahe- 
drally coordinated with oxygen, but the 
distance 1.9 A from Cu to (XD in the 
Cu0 2 planes is much less than the vertical 
distance of 2.4 A from Cu to the apical 
oxygen 0(2), as indicated in Fig. 7.22. The 
La is ninefold coordinated to four O(l) 
oxygens, to four 0(2) at (±, ±, z) sites, and 
to one <X2) at a (0,0, z) site. 

C Charge Distribution 

Figure 7.23 shows contours of con- 
stant-valence charge density on a logarith- 
mic scale drawn on the back x,z-plane 
and on the diagonal plane of the unit cell 
sketched in Fig. 7.13. These contour plots 
are obtained from the band structure cal- 
culations described in Chapter 8, Section 
XIV. The high-charge density at the lan- 
thanum site and the low charge density 
around this site indicate an ionic state 




/ +— 3.78 A —+/ 

/ * 

Figure 7.21 Cu0 2 layers of the La 2 Cu0 4 structure showing horizontal displacement of Cu 
atoms in alternate layers. The layers are perpendicular to the c-axis (Poole et aL y 1988, p. 87). 
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Figure 7.22 Ordering of axially distorted Cu0 6 octahedra in 
La 2 Cu0 4 (Poole et al„ 1988, p. 88). 



La 3+ . The charge density changes in a 
fairly regular manner around the copper 
and oxygen atoms, both within the Cu0 2 
planes and perpendicular to these planes, 
suggestive of covalency in the Cu-O bond- 
ing, as is the case with the YBa 2 Cu 3 0 7 
compound. 

D. Superconducting Structures 

The compound La 2 Cu0 4 is itself an 
antiferromagnetic insulator and must be 
doped, generally with an alkaline earth, to 
exhibit pronounced superconducting prop- 



erties. The compounds (La 1 _^Af r ) 2 Cu0 4 , 
with 3% to 15% of M = Sr or Ba replacing 
La, are orthorhombic at low temperatures 
and low M contents and are tetragonal 
otherwise; superconductivity has been 
found on both sides of this transition. The 
orthorhombic distortion can be of the rect- 
angular or of the rhombal type, both of 
which are sketched in Fig. 7.4. The phase 
diagram of Fig. 7.24 shows the tetragonal, 
orthorhombic, superconducting, and anti- 
ferromagnetically ordered regions for the 
lanthanum compound (Weber et aL, 1989; 
cf. Goodenough et aL, 1993). We see that 
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La2Cu0 4 




<100> 



<110> 



Figure 7.23 Contour plots of the charge density of 
La 2 Cu0 4 obtained from band structure calculations. 
The jc, z-crystallographic plane labeled <100) is shown 
on the left and the diagonal plane labeled <110> on 
the right. The contour spacing is on a logarithmic 
scale (Pickett, 1989). 




Figure 7.24 Phase diagram for hole-type 
La 2- J r Sr jr C u0 4 _ y indicating insulating (INS), antifer- 
romagnetic (AF), and superconducting (SO regions. 
Figure VI-6 of Poole et al. (1988) shows experimental 
data along the orthorhombic-to-tetragonal transition 
line. Spin-density waves (SDW) are found in the AF 
region (Weber et al. t 1989). 
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the orthorhombic phase is insulating at 
high temperatures, metallic at low temper- 
atures, and superconducting at very low 
temperatures. Spin-density waves, to be 
discussed in Chapter 8, Section XIX, occur 
in the antiferromagnetic region. 

E. Nd 2 Cu0 4 Compound <T' Phase) 

The rarer Nd 2 Cu0 4 structure (Skan- 
takumar et al, 1989; Sulewski et al, 1990; 
Tan et al, 1990) given on the right side of 
Fig. 7.18 and Table 7.5 has all of its atoms 
in the same positions as the standard 
La 2 Cu0 4 structure, except for the apical 
0(2) oxygens in the [O-La] and [La-O] 
layers, which move to form a [- 0 2 -] 

layer between [ La] and [La ]. 

These oxygens, now called 0(3), have the 
same x, y coordinate positions as the CXD 
oxygens, and are located exactly between 
the Cu0 2 planes with z = \ or f . We see 
from Fig. 7.18 that the Cu0 6 octahedra 
have now lost their apical oxygens, causing 
Cu to become square planar-coordinated 
Cu0 4 groups. The Nd is eightfold coordi- 
nated to four O(l) and four 0(3) atoms, 
but with slightly different Nd-O distances. 
The Cu0 2 planes, however^ are identical 
in the two structures. Superconductors with 
this Nd 2 Cu0 4 structure are of the electron 
type, in contrast to other high-temperature 
superconductors, in which the current car- 
riers are holes. In particular, the electron 
superconductor Ndj 85 Ce 015 CuO 4 _ 6 with 
T c = 24 K has been widely studied 
(Fontcuberta and Fabrega, 1995, a review 
chapter; AJlen 1990; Alp etal, 1989b; Bar- 
lingay et al, 1990; Ekino and Akimitsu, 
1989a, b; Lederman et al, 1991; Luke et 
al, 1990; Lynn et al, 1990; Sugiyama et al, 
1991; Tarason et al, 1989a). Other rare 
earths, such as Pr (Lee et al, 1990) and Sm 
(AJmasan et al, 1992) have replaced Nd. 

The difference of structures associated 
with different signs attached to the current 
carriers may be understood in terms of the 
doping process that converts undoped ma- 
terial into a superconductor. Lanthanum 
and neodymium are both trivalent, and in 
the undoped compounds they each con- 
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(7.6) 



(7.7) 



tribute three electrons to the nearby 
oxygens, 

La-»La 3+ + 3e", 

Nd-^Nd 3+ + 3e", 
to produce O 2 '. To form the superconduc- 
tors a small amount of La in La 2 Cu0 4 can 
be replaced with divalent Sr, and some Nd 
in Nd 2 Cu0 4 can be replaced with tetra- 
valent Ce, corresponding to 

Sr -> Sr 2+ + 2e" (in La 2 Cu0 4 ) 

Ce -* Ce 4+ + 4e" (in Nd 2 Cu0 4 ). 

Thus, Sr doping decreases the number of 
electrons to produce hole-type carriers, 
while Ce doping increases the electron 
concentration and the conductivity is elec- 
tron type. 

There are also copper-oxide electron 
superconductors with different structures, 
such as Sr 1 _ x Nd JC Cu0 2 (Smith et aL, 1991) 
and TlCa 1 _ J /? JC Sr 2 Cu 2 0 7 _ 5 , where R is a 
rare earth (Vijayaraghavan et aL, 1989). 
Electron- and hole-type superconductivity 
in the cuprates has been compared (Katti 
and Risbud, 1992; Medina and Regueiro, 
1990). 

F. La 2 _ x _ y ft x Sr,Cu0 4 Compounds 
(T* Phase) 

We have described the T structure of 
La 2 Cu0 4 and the T' structure of 
Kd 2 Cu0 4 . The former has 0(2) oxygens 
and the latter 0(3) oxygens, which changes 
the coordinations of the Cu atoms and 
that of the La and Nd atoms as well. There 
is a hybrid structure of hole-type supercon- 
ducting lanthanum cuprates called the T* 
structure, illustrated in Fig. 7.18b, in which 
the upper half of the unit cell is the T type 
with 0(2) oxygens and lower half the T' 
type with 0(3) oxygens. These two vari- 
eties of halfcells are stacked alternately 
along the tetragonal c-axis (Akimitsu et 
aL, 1988; Cheong et aL, 1989b; Kwei et aL, 
1990; Tan et aL, 1990). Copper, located in 
the base of an oxygen pyramid, is 
fivefold-coordinated CuO s . There are two 
inequivalent rare earth sites; the ninefold- 
coordinated site in the T-type halfcell is 



preferentially occupied by the larger La 
and Sr ions, while the smaller rare earths 
R (i.e., Sm, Eu, Gd, or Tb) prefer the 
eightfold-coordinated site in the T' half- 
cell. Tan et aL (1991) give a phase diagram 
for the concentration ranges over which 
the T and T* phases are predominant. 

IX. BODY-CENTERED BiSrCaCuO 
AND TIBaCaCuO 

Early in 1988 two new superconduct- 
ing systems with transition temperatures 
considerably above those attainable with 
YBaCuO, namely the bismuth- and thal- 
lium-based materials, were discovered. 
These compounds have about the same a 
and b lattice constants as the yttrium and 
lanthanum compounds, but with much 
larger unit cell dimensions along c. We 
will describe their body-centered struc- 
tures in terms of their layering schemes. In 
the late 1940s some related compounds 
were synthesized by the Swedish chemist 
Bengt Aurivillius (1950, 1951, 1952). 

A. Layering Scheme 

The Bi 2 Sr 2 Ca n Cu /I + 1 0 6 + 2n and 
Tl 2 Ba 2 Ca n Cu rt + 1 0 6+ 2« 
compounds, where n is an integer, have 
essentially the same structure and the same 
layering arrangement (Barry et aL, 1989; 
Siegrist et aL, 1988; Torardi et aL, 1988a; 
Yvon and Francois, 1989), although there 
are some differences in the detailed atom 
positions. Here there are groupings of 
Cu0 2 layers, each separated from the next 
by Ca layers with no oxygen. The Cu0 2 
groupings are bound together by interven- 
ing layers of BiO and SrO for the bismuth 
compound, and by intervening layers of 
TIO and BaO for the thallium compound. 
Figure 7.25 compares the layering scheme 
of the Tl 2 Ba 2 Ca n Cu /I + 1 0 6+2rt compounds 
with n =0,1,2 with those of the lan- 
thanum and yttrium compounds. We also 
see from the figure that the groupings of 
[Cu 0 2 -] planes and [- 0 2 Cu] image 
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Figure 7.25 Layering schemes of various high-temperature superconduc- 
tors. The Cu0 2 plane layers are enclosed in small inner boxes, and the layers 
that make up a formula unit are enclosed in larger boxes. The Bi-Sr 
compounds Bi 2 Sr 2 Ca n Cu n + ,0 6+2n have tne same layering schemes as their 
n-Ba counterparts shown in this figure. 



(i.e., body centered) planes repeat along 
the c-axis. It is these copper-oxide layers 
that are responsible for the superconduct- 
ing properties. 

A close examination of this figure 
shows that the general stacking rules men- 
tioned in Section VI.C for the layering 
scheme are satisfied, namely metal ions in 
adjacent layers alternate between edge (E) 
and centered (C) sites, and adjacent layers 
never have oxygens on the same types of 
sites. The horizontal reflection symmetry 
at the central point of the cell is evident. It 
is also clear that YBa 2 Cu 3 0 7 is aligned 
and that the other four compounds are 
staggered. 

Figure 7.26 (Torardi et a/., 1988a) pre- 
sents a more graphical representation of 
the information in Fig. 7.25 by showing the 



positions of the atoms in their layers. The 
symmetry and body centering rules are 
also evident on this figure. Rao (1991) pro- 
vided sketches for the six compounds 
Tl m Ba 2 Ca n Cu n + 1 O x similar to those in 
Fig. 7.26 with the compound containing 
one (m = 1) or two thallium layers (m = 2), 
where n = 0,1,2, as in the Torardi et ai 
figure. 

B. Nomenclature 

There are always two thalliums and 
two bariums in the basic formula for 
Tl 2 Ba 2 Ca n Cu 7I + 1 0 6+2rt , together with n 
calciums and n + 1 coppers. The first three 
members of this series for n = 0, 1, and 2 
are called the 2201, 2212, and 2223 com- 
pounds, respectively, and similarly for their 




TI 2 Ba 2 Cu0 6 Tl2Ba 2 CaCu 2 08 TI 2 Ba 2 Ca 2 Cu 3 0 10 

Figure 7.26 Ciystal structures of Tl 2 Ba 2 Ca rt Cu n + 1 0 6+2n superconducting compounds with 
n = 0,1,2 arranged to display the layering schemes. The Bi 2 Sr 2 Ca fl Cu n +i0 6+2rt compounds have 
the same respective structures (Torardi et aL, 1988a). 



BiSr analogues Bi 2 Sr 2 Ca n Cu n + x O e + 2 n . 
Since Y in YBa 2 Cu 3 0 7 is structurally 
analogous to Ca in the Tl and Bi com- 
pounds, it would be more consistent to 
write Ba 2 YCu 3 0 7 for its formula, as 
noted in Section VI.F. In this spirit 
Ba 2 YCu 3 0 7 _ 5 might be called the 0213 
compound, and (La 1 _ JC M JC ) 2 Cu0 4 _ 6 could 
be called 2001. 



C Bi— Sr Compounds 

Now that the overall structures and 
interrelationships of the BiSr and TIBa 
high-temperature superconductors have 
been made clear in Figs. 7.25 and 7.26 we 
will comment briefly about each com- 
pound. Table 7.3 summarizes the charac- 
teristics of these and related compounds. 

The first member of the BiSr series, 
the 2201 compound with n = 0, has octa- 
hedrally coordinated Cu and T c ~ 9 K 
(Torardi et al, 1988b). The second mem- 



ber, Bi 2 (Sr,Ca) 3 Cu 2 0 8+5 , is a supercon- 
ductor with T c ~ 90 K (Subramanian et al, 
1988a; Tarascon et al, 1988b). There are 
two [Cu 0 2 -] layers separated from each 

other by the [ Ca] layer. The spacing 

from [Cu 0 2 -] to [- - Ca] is 1.66 A, 
which is less than the corresponding spac- 
ing of 1.99 A between the levels [Cu 0 2 -] 
and [- - Y] of YBaCuO. In both cases 
the copper ions have a pyramidal oxygen 
coordination of the type shown in Fig. 
7.11. Superlattice structures have been re- 
ported along a and b, which means that 
minor modifications of the unit cells re- 
peat approximately every five lattice spac- 
ings, as explained in Sect. IX.E. The third 
member of the series, Bi 2 Sr 2 Ca 2 Cu 3 O 10 , 
has three Cu0 2 layers separated from each 

other by [ Ca] planes and a higher 

transition temperature, 110 K, when doped 
with Pb. The two Cu ions have pyramidal 
coordination, while the third is square 
planar. 



IX BODY-CENTERED BiSrCaCuO and TIBaCaCuO 

Charge-density plots of 
Bi 2 Sr 2 CaCu 2 0 8 

indicate the same type of covalency in the 
Cu-O bonding as with the YBa 2 Cu 3 0 7 
and La 2 Cu0 4 compounds. They also indi- 
cate very little bonding between the adja- 
cent [Bi - O] and [O - Bi] layers. 

D. Tl-Ba Compounds 

The TIBa compounds 

Tl 2 Ba 2 Ca JI Qi„ + 1 0 6+ 2« 

have higher transition temperatures than 
their bismuth counterparts (Iqbal et aL, 
1989; Subramanian et aL, 1988b; Torardi 
et al y 1988a). The first member of the 
series, namely Tl 2 Ba 2 Cu0 6 with n = 0, has 

no [ Ca] layer and a relatively low 

transition temperature of ~ 85 K. The 
second member (« = 1), Tl 2 Ba 2 CaCu 2 0 8 , 
called the 2212 compound, with T c = 110 K 
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has the same layering scheme as its Bi 
counterpart, detailed in Figs. 7.25 and 7.26. 
The [Cu 0 2 -] layers are thicker and 
closer together than the corresponding lay- 
ers of the bismuth compound (Toby et aL, 
1990). The third member of the series, 
Tl 2 Ba 2 Ca 2 Cu3O 10 , has three [Cu 0 2 -] 
layers separated from each other by 
[ Ca] planes, and the highest transi- 
tion temperature, 125 K, of this series of 
thallium compounds. It has the same cop- 
per coordination as its BiSr counterpart. 
The 2212 and 2223 compounds are tetrag- 
onal and belong to the same crystallo- 
graphic space group as La 2 Cu0 4 . 

We see from the charge-density plot of 
Tl 2 Ba 2 Cu0 6 shown in Fig. 7.27 that Ba 2+ 
is ionic, Cu exhibits strong covalency, espe- 
cially in the Cu-O plane, and Tl also ap- 
pears to have a pronounced covalency. The 
bonding between the [Tl - O] and [O - Tl] 
planes is stronger than that between the 
[Bi - O] and [O - Bi] planes of Bi-Sr. 




0246 0246 02468 10 



[100] [100] [110] 

DISTANCE (au.) 
Figure 7.27 Contours of constant charge density on a logarithmic 
scale in two high-symmetry crystallographic planes of Tl 2 Ba 2 Cu0 6 . 
Oxygen atoms OU), CX2), and CK3) are denoted 1, 2, and 3, 
respectively. The planar Cu-Ol binding is strongest (Hamann and 
Mattheiss, 1988; see Pickett, 1989). 
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E. Modulated Structures 
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The x-ray and neutron-diffraction pat- 
terns obtained during crystal structure de- 
terminations of the bismuth cuprates 
BijS^Ca^Cu^jO^,, exhibit weak satel- 
lite lines with spacings that do not arise 
from an integral multiple of the unit cell 
dimensions. These satellites have modula- 
tion periods of 21 A, 19.6 A, and 20.8 A, 
respectively, for the n = 0, 1, and 2 com- 
pounds (Li et aL, 1989). Since the lattice 
constant a = 5.41 A (b = 5.43 A) for all 
three compounds, this corresponds to a 
superlattice with unit cell of dimensions 
~ 3.8a, b, c, with the repeat unit along the 
a direction equal to ~ 3.8a for all three 
compounds. A modulation of 4Jb has also 
been reported (Kulik et aL, 1990). This 
structural modulation is called incommen- 
surate because the repeat unit is not an 
integral multiple of a. 

Substitutions dramatically change this 
modulation. The compound 

Bi^Ca^XCihO, 

has a period that decreases from about 
4.8b for x = 0 to the commensurate value 
4.06 for jc = 1 (Inoue et aL, 1989; Tamegai 
et aL, 1989). Replacing Cu by a transition 
metal (Fe, Mn, or Co) produces nonsuper- 
conducting compounds with a structural 
modulation that is commensurate with the 
lattice spacing (Tarascon et aL, 1989b). A 
modulation-free bismuth-lead cuprate su- 
perconductor has been prepared (Mani- 
vannan et aL, 1991). Kistenmacher (1989) 
examined substitution-induced superstruc- 
tures in YBa^Cu^M^C^. Superlattices 
with modulation wavelengths as short as 
24 A have been prepared by employing 
ultra-thin deposition techniques to inter- 
pose insulating planes of PrBa 2 Cu 3 0 7 be- 
tween superconducting Cu-O layers of 
YBa 2 Cu 3 0 7 (Jakob et aL, 1991; Lowndes 
et aL, 1990; Pennycook et aL, 1991; Ra- 
jagopal and Mahanti, 1991; Triscone et aL 
1990). Tanaka and Tsukada (1991) used 
the Kronig-Penney model (Tanaka and 



Tsukada, 1989a, b) to calculate the quasi- 
particle spectrum of superlattices. 

F. Aligned Tl-Ba Compounds 

A series of aligned thallium-based su- 
perconducting compounds that have the 
general formula TlBa 2 Ca /l Cu /I + 1 0 5 + 2n 
with n varying from 0 to 5 has been re- 
ported (Ihara et aL, 1988; Rona, 1990). 
These constitute a series from 1201 to 
1245. They have superconducting transi- 
tion temperatures almost as high as the 
Tl2Ba 2 Ca rt Cu rt + 1 0 6+2n compounds. Data 
on these compounds are listed in Table 
7.3. 

G. Lead Doping 

In recent years a great deal of effort 
has been expended in synthesizing lead- 
doped superconducting cuprate structures 
(Itoh and Uchikawa, 1989). Examples in- 
volve substituting Pb for Bi (Dou et aL, 
1989; Zhengping et ai, 1990), for Tl (Barry 
et ai, 1989; Mingzhu et aL, 1990), or for 
both Bi and TT (Iqbal et aL, 1990). Differ- 
ent kinds of Pb, Y-containing super- 
conductors have also been prepared (cf. 
Mattheiss and Hamann, 1989; Ohta and 
Maekawa, 1990; Tang et aL, 1991; Tokiwa 
et aL, 1990, 1991). 

X. ALIGNED HgBaCaCuO 

The series of compounds 
HgBa 2 Ca n Cu n + 1 0 2n+4 , 

where n is an integer, are prototypes for 
the Hg family of superconductors. The first 
three members of the family, with n = 
0,1,2, are often referred to as Hg-1201, 
Hg-1212, and Hg-1223, respectively. They 
have the structures sketched in Fig. 7.28 
(Tokiwa- Yamamoto et aL, 1993; see also 
Martin et aL, 1994; Putilin et aL g 1991). 
The lattice constants are a = 3.86 A for all 
of them, and c = 9.5, 12.6, and 15.7 A for 
n = 0, 1,2, respectively. The atom positions 
of the n = 1 compound are listed in Table 
7.6 (Hur et aL, 1994). The figure is drawn 




re 728 Structural models for the series HgBa 2 Ca n Cu n + ,0 2/I+4 . The first three members 
n - 0, 1, 2 are shown (parts a, b, and c, respectively) (Tokiwa-Yamamoto et a/., 1993). 



Table 7.6 Normalized Atom Positions in the 



Tetragonal Unit Cell of HgBa 2 Ca 086 




Cu 2 0 6+5 a 


Layer 


Atom 




y 


z 




Hg 


0 


0 


1 


[Hg - -J 












CK3) 


i 

2 


2 


1 




CK2) 


0 


0 


0.843 


[0 - Ba] 










Ba 


I 


I 

2 


0.778 




Cu 


0 


0 


0.621 


[Cu 0 2 -] 


(XI) 


0 


1 

2 


0.627 




(XI) 


1 

2 


0 


0.627 


[- - Ca] 


Ca, Sr 


1 

2 


I 


i 

2 




(XI) 


1 

2 


0 


0.373 


[Cu O z -] 


(XD 


0 


I 

2 


0.373 




Cu 


0 


0 


0.379 




Ba 


1 

2 


1 

2 


0.222 


[O - Ba] ; 












(X2) 


0 


0 


0.157 




<X3) 


1 

2 


1 

2 


0 


[Hg - -] 












Hg 


0 


0 


0 



Unit cell dimensions a - 3.8584 A and c = 12.6646 A, space group 
is P4/mmm, D\ h . The Hg site is 91% occupied and the CX3) site 
is 11% occupied (8 - 0.11). The data are from Hur et al. (1994). 
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Figure 7.29 Schematic structure of the 
HgBa 2 CaCu 2 0 6+5 compound which is also called 
Hg-1212 (Meng et aL, 1993a). 



with mercury located in the middle layer of 
the unit cell, while the table puts Hg at the 
origin (000) and Ca in the middle (| \ 
Figure 7.29 presents the unit cell for the 
n = 1 compound HgBa 2 CaCu 2 0 6+5 drawn 
with Ca in the middle (Meng et aU 1993a). 
The symbol 8 represents a small excess of 
oxygen located in the center of the top and 
bottom layers, at positions | 5 0 and \ \ 1 
which are labeled "partial occupancy" in 
the figure. If this oxygen were included the 
level symbol would be [Hg - O] instead of 

[Hg ]. These Hg compound structures 

are similar to those of the series 
TlBa 2 Ca n Cu n + 1 0^ +4 mentioned above in 
Section IX.F. 

We see from Fig. 7.28 that the copper 
atom of Hg-1201 is in the center of a 
stretched octahedron with the planar oxy- 
gens 0(1) at a distance of 1.94 A, and the 
apical oxygens 0(2) of the [O - Ba] layer 
much further away (2.78 A). For n = 1 
each copper atom is in the center of the 
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— THa - -1 — 








[O-Ba] 




r-[Hg--] — 






[0 - Ba] 








[Cu0 2 -] 




[O-Ba] 






[Cu0 2 -] 








I--Ca] 




[Cu0 2 -] 






[--Ca] 








[CuOa] 




[O-Ba] 






[Cu0 9 - ] 








[--Ca] 




— [Hg--] — 






[O - Ba] 

-[Hg--]- 








[Cu0 2 -] 














[O-Ba] 
-[Hg--]- 




HgBa 2 Cu0 4 


HgBa 2 CaCu 2 0 


6 


HgBa 2 Ca 2 Cu 3 0 



Figure 7.30 Layering schemes of three 
HgBa 2 Ca /I Cu n+1 0 2n + 4 compounds, using the nota- 
tion of Fig. 7.25. 



base of a tetragonal pyramid, and for n = 2 
the additional Cu0 2 layer has Cu atoms 
which are square planar coordinated. The 
layering scheme stacking rules of Section 
VT.C are obeyed by the Hg series of com- 
pounds, with metal ions in adjacent layers 
alternating between edge (E) and centered 
(C) sites, and oxygen in adjacent layers 
always at different sites. We see from Table 
7.6 that the [O - Ba] layer is strongly 
puckered and the [Cu 0 2 -] layer is only 
slightly puckered. 

The relationships between the layering 
scheme of the HgBa 2 Ca /I Cu n + 1 0 2n + 4 
series of compounds and those of the 
other cuprates may be seen by comparing 
the sketch of Fig. 7.30 with that of Fig. 
7.25. We see that the n = 1 compound 
HgBa 2 CaCu 2 0 6 is quite similar in struc- 
ture to YBa 2 Cu 3 0 7 with Ca replacing Y 
in the center and Hg replacing the chains 
[Cu O -]. More surprising is the similarity 
between the arrangement of the atoms in 
the unit cell of each 

HgBa 2 Ca n Cu rt + 1 0 2n+4 

compound and the arrangement of the 
atoms in the semi-unit cell of the corre- 
sponding 

n 2 Ba 2 Ca rt Cu„ +1 0 2/I + 6 



XI. BUCKMINSTERFULLE 

compound. They are the same except for 
the replacement of the [n - O] layer by 

[Hg ], and the fact that the thallium 

compounds are body centered and the Hg 
ones are aligned. 

Supercells involving polytypes with 
ordered stacking sequences of different 
phases, such as Hg-1212 and Hg-1223, 
along the c direction have been reported. 
The stoichiometry is often 

Hg 2 Ba 4 Ca 3 Cu 5 0 JC 

corresponding to equal numbers of the 
Hg-1212 and Hg-1223 phases (Phillips, 
1993; Schilling et aL, 1993, 1994). 

Detailed structural data have already 
been reported on various Hg family com- 
pounds such as HgBa 2 Cu0 4+6 (Putlin et 
aL, 1993) and the n = l compound with 
partial Eu substitution for Ca (Putlin et aL, 
1991). The compound 

Pb 07 Hg 03 Sr 2 Nd 03 Ca 07 Cu 3 O 7 

has Hg in the position (0.065,0,0), slightly 
displaced from the origin of the unit cell 
(Martin et aL, 1994). Several researchers 
have reported synthesis and pretreatment 
procedures (Adachi et aL, 1993; Itoh et aL, 
1993; Isawa 1994a; Meng, 1993b; Paran- 
thaman, 1994; Paranthaman et aL, 1993). 
Lead doping for Hg has been used to 
improve the superconducting properties 
(Iqbal et aL, 1994; Isawa et aL, 1993; 
Martin et aL, 1994). 

XI. BUCKMINSTERFULLERENES 

The compound C^, called buckmin- 
sterfullerene, or fullerene for short, con- 
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sists of 60 carbon atoms at the vertices of 
the dotriacontohedron (32-sided figure) 
that is sketched in Fig. 3.35 and discussed 
in Chapter 3, Section XVI. The term 
fullerene is used here for a wider class of 
compounds C„ with n carbon atoms, each 
of whose carbon atoms is bonded to three 
other carbons to form a closed surface, 
with the system conjugated such that for 
every resonant structure each carbon has 
two single bonds and one double bond. 
The smallest possible compound of this 
type is tetrahedral C 4 , which has the three 
resonant structures shown in Fig. 7.31. Cu- 
bic C 8 is a fullerene, and we show in 
Problem 17 that it has nine resonant struc- 
tures. Icosahedral C 12 is also a fullerene, 
but octahedral C 6 and dodecahedral C 20 
are not because their carbons are bonded 
to more than three neighbors. These hypo- 
thetical smaller C n compounds have never 
been synthesized, but the larger ones, such 
as C^, C 70 , C 76 , C 78 , and C 82 , have been 
made and characterized. Some of them 
have several forms, with different arrange- 
ments of polygons. Clusters of buckmin- 
sterfullerenes, such as icosahedral (C 60 ) 13 , 
have also been studied (T. P. Martin 
et aL, 1993). 

There are several interesting geomet- 
rical characteristics of fullerenes (Chung 
and Sternberg, 1993). Since each carbon 
(vertex) joins three bonds (edges) and each 
edge has two vertices, the number of edges 
£ in a structure C n is 50% greater than 
the number of vertices V, There is a gen- 
eral theorem in topology, called Euler's 
Theorem, that the number of faces F of a 





(a) 



(b) 



(c) 



Figure 7.31 The three resonant structures of the (hypothetical) tetrahedral 
compound C 4 . 



202 



7 PEROVSKITE AND CUPRATE CRYSTALLOCRAPHIC STRUCTURES 



polyhedron is given by the formula 

F = E-V+2. (7.8) 

In a fullerene C„ where n = V three edges 
meet at each vertex, so we have 



E = 3K/2, 
V 

F = — + 2. 
2 



(7.9) 
(7.10) 



It is shown in Problem 16 that 



(7.11b) 



where F s is the number of faces with s 
sides, and of course, 



(7.12) 



Combining Eqs. (7.10M7.12) gives the 
fullerene face formula 

£(6-j)F,= 12. (7.13) 



This expression does not place any restric- 
tions on the number of hexagons (F 5 ), but 
it does severely limit the number of other 
polyhedra. The two smallest hypothetical 
fullerenes, the tetrahedron and the cube, 
have no hexagons, and the larger ones 
consist of 12 pentagons (F s \ from Eq. 
(7.13), and numerous hexagons. For exam- 
ple, the molecule with K=60 has 12 
pentagons and 20 hexagons. Table 7.7 gives 
the geometric characteristics of the five 
Platonic solids, the solids generated by 
truncating all of their vertices, and several 
other regular polygons, most of which are 
fullerenes. The fullerenes of current inter- 
est are and larger molecules consisting 
of 12 pentagons and numerous hexagons, 
such as C 70 , C 76 , C 78 , and C 82 . Some have 
several varieties, such as the isomers of 
C 78 with the symmetries C 2u , D 3 , and D 3h 
(Diederich and Whetten, 1992). 



The outer diameter of the C 



'60 



molecule is 7.10 A o and its van der Waals 
separation is 2.9 A, so that the nearest- 
neighbor distance (effective diameter) in a 



Table 7.7 Characteristics of Several Regular Solids* 



Figure 


Vertices 


Edges 


Faces 


Face (polygon) type 


Tetrahedron 


4 


6 


4 


all equilateral triangles 


Octahedron 6 


6 


12 


8 


all equilateral triangles 


Cube 


8 


12 


6 


all squares 


Icosahedron* 


12 


30 


20 


all equilateral triangles 


Dodecahedron 










(pentagonal) 


20 


30 


12 


all regular pentagons 


Hexadecahedron 


28 


42 


16 


12 pentagons, 4 hexagons 


Truncated tetrahedron 


12 


18 


8 


4 equilateral triangles, 4 hexagons 


Truncated octahedron 


24 


36 


14 


6 squares, 8 hexagons 


Truncated cube 


24 


36 


14 


8 equilateral triangles, 6 octagons 


Dotriacontohedron 








12 regular pentagons, 20 hexagons 


(truncated icosahedron) 


60 


90 


32 


Truncated dodecahedron 


60 


90 


32 


20 equilateral triangles, 12 decagons 


Heptatriacontohedron 


70 


105 


37 


12 pentagons (2 regular), 25 hexagons 


Tetracontahedron 


76 


114 


40 


12 pentagons, 28 hexagons 


Hentetracontohedron 


78 


116 


41 


12 pentagons, 29 hexagons 


Dotetracontohedron 


84 


126 


44 


12 pentagons, 32 hexagons 


Large Fullerene 


n 


in 


|/i + 2 


12 pentagons, \n - 10 hexagons 



fl The first five solids are the Platonic solids, and the seventh to eleventh are truncations of the Platonic 
solids. When carbons occupy the vertices all correspond to fullerenes except the octahedron and the 
icosahedron for which 3K*2£. The smallest compounds in this table have never been synthesized. 



Not a fullerene because the vertices have more than three edges. 



XII. SYMMETRIES 

solid is 10.0 A. The bonds shared by a 
five-membered and a six-membered ring 
are 1.45 A long, while those between two 
adjacent six-membered rings are 1.40 A 
long. Above 260 K these molecules form a 
face centered cubic lattice with lattice con- 
stant 14.2 A; below 260 K it is simple cubic 
with a = 7.10 A (Fischer et al, 1991; Kasa- 
tani et al, 1993; Troullier and Martins, 
1992). When is doped with alkali met- 
als to form a superconductor it crystallizes 
into a face centered cubic lattice with 
larger octahedral and smaller tetrahedral 
holes for the alkalis. The ions are 
orientationally disordered in the lattice 
(Gupta and Gupta, 1993). 



XII. SYMMETRIES 

Earlier in this chapter we mentioned 
the significance of the horizontal reflection 
plane a h characteristic of the high- 
temperature superconductors, and noted 
that most of these superconductors are 
body centered. In this section we will point 
out additional symmetries that are present. 
Table VI-14 of our earlier work (Poole et 
aL, 1988) lists the point symmetries at the 
sites of the atoms in a number of these 
compounds. 



203 

In the notation of group theory the 
tetragonal structure belongs to the point 
group A/mmm (this is the newer interna- 
tional notation for what in the older 
Schonflies notation was written D Ah ). The 
unit cell possesses the inversion operation 
at the center, so when there is an atom at 
position (*,>>, x), there will be another 
identical atom at position (-*, -y, -z). 
The international symbol A/mmm indi- 
cates the presence of a fourfold axis of 
symmetry C 4 and three mutually perpen- 
dicular mirror planes m. The Schonflies 
notation D Ah also specifies the fourfold 
axis, h signifying a horizontal mirror plane 
a h and D indicating a dihedral group with 
vertical mirror planes. 

We see from Fig. 7.32 that the z-axis is 
a fourfold (90°) symmetry axis called C 4 , 
and that perpendicular to it are twofold 
(180°) symmetry axes along the x and y 
directions, called C 2 , and also along the 
diagonal directions (C 2 ) in the midplane. 
There are two vertical mirror planes tr t) , 
two diagonal mirror planes a d which are 
also vertical, and a horizontal mirror plane 
a h . Additional symmetry operations that 
are not shown are a 180° rotation Cf 
around the z axis, 



CI 



c z c z 



(7.14) 



C * 



/ 



\ 



C' 



z 



v 




Figure 7.32 Symmetry operations of the tetragonal unit cell showing a fourfold 
rotation axis C 4 , three twofold axes C 2 , and reflection planes of the vertical 
a zx =cr r , horizontal cr xy - <x h \ and diagonal <r d types. 
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T 




(b) 



/Z7\ 



\ 



Figure 7.33 Rotational symmetry operations of an 
orthorhombic unit cell (a) with rectangular distortion, 
and (b) with rhombal distortion from an originally 
tetragonal cell. 



and the improper fourfold rotation S% 
around z that corresponds to CI followed 
by, or preceded by, a h , 

S z 4 = C z 4 a h = a h Cl (7.15) 

where CI and a h commute. 

The orthorhombic structure has mmm y 
D 2h symmetry. We see from Fig. 7.33 that 
both the rectangular and rhombal unit 
cells, which correspond to Figs. 7.4a and 
7.4b, respectively, have three mutually per- 
pendicular twofold axes, and that they also 
have three mutually perpendicular mirror 
planes cr, which are not shown. The two 
cases differ in having their horizontal axes 
and vertical planes oriented at 45° to each 
other. 

Cubic structures, being much higher in 
symmetry, have additional symmetry oper- 
ations, such as fourfold axes Q, Q, and 
C\ along each coordinate direction, three- 
fold axes C 3 alorlg each body diagonal, and 
numerous other mirror planes. These can 
be easily seen from an examination of Fig. 
7.1. Buckyballs belong to the icosohedral 
group, which has twofold (C 2 ), ; fivefold 
(C 5 ), and sixfold (C 6 ) rotation axes, hori- 
zontal reflection planes, inversion symme- 
try, and sixfold (S 6 ) and tenfold (5 10 ) 
improper rotations, for a total of 120 indi- 
vidual symmetry operations in all (Cotton, 
1963). 



XIII. CRYSTAL CHEMISTRY 

In Chapter 3 we briefly described the 
structures of some classical superconduc- 
tors, and in this chapter we provided a 
more detailed discussion of the structures 
of the cuprate superconductors. The ques- 
tion arises of how structure is related to 
the presence of metallic and superconduct- 
ing properties. 

Villars and Phillips (1988; Phillips, 
1989a) proposed to explain the combina- 
tions of elements in compounds that are 
favorable for superconductivity at rela- 
tively high temperatures by assigning three 
metallic coordinates to each atom, namely 
an electron number A^, a size r, and an 
electronegativity X. The electron numbers 
are given in Table 3.1 for most of the 
elements, with N e =3 for all of the rare 
earths and actinides; several correlations 
of N e with T c have already been given in 
Chapter 3. The sizes and electronegativi- 
ties were determined empirically from a 
study of some 3,000 binary intermetallic 
compounds of types AB, AB 2 , AB 3 , and 
A 2 B 5 . The resulting values for each atom 
are listed in Fig. 7.34 together with their 
electron numbers. These values, although 
arrived at empirically on the basis of the 
constraint of self-consistency, do have a 
spectroscopic basis, and thus are called, 
respectively, spectroscopic radii and spec- 
troscopic electronegativities. 

The metallic coordinates of the atoms 
can be employed to calculate the three 
Villars— Phillips (VP) coordinates for each 
compound, namely (a) average number of 
valence electrons N v = (AT e ) av , (b) spectro- 
scopic electronegativity difference A A", and 
(c) spectroscopic radius difference AjR, 
where we are using the VP notation. For 
example, for the compound NbN, with 
T c = 17.3 K, we have, using the data from : 
Fig. 7.34, 

Af v = 1(4 + 5) = 4.5, 
A/? = 2.76 - 0.54 = 2.22, (7 - 16) 
AX= 2.03 -2.85= -0.82. 
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Figure 734 Periodic table listing metallic valences (upper right), sizes (center), 
and electronegativities (bottom) in the box of each element, according to the 
Villars-Phillips model (Phillips, 1989a, p. 321). 



205 



wr*"''V,..-. lf , 

.y nt. 



The VP coordinates for the ^415 com- 
pound Ge 3 Nb with T c = 23.2 K are calcu- 
lated as follows: 

W v = i(4 + 3X5) = 4.75, 

Mt = ^(1.56 - 2.76) = -0.60, (7.17) 

AZ= |(1.99 - 2.03)= -0.02. 

The text by Phillips (1989a) tabulates the 
VP coordinates for more than 60 super- 
conductors with T c > 10 K and for about 
600 additional superconductors with tran- 
sition temperatures in the range 1 < T c < 
10 K. 

When the points for the 600 com- 
pounds with lower transition temperatures 
are plotted on a three-dimensional coordi- 
nate system with axes N v , A A", and Ai?, 
they scatter over a large range of values, 
but when the points for compounds with 
T c > 10 K are plotted, they are found to 
cluster in three regions, called islands, as 
shown in Fig. 7.35. Island A contains the 
^415 compounds plus some complex inter- 
metallics, island B consists mainly of the 
NbN family plus some borides and car- 



bides, and island C has closely clustered 
Chevrel phases, with the high-!T c cuprates 
on the left. When ternary ferroelectric ox- 
ides with Curie temperatures that exceed 
500°C are plotted in the same diagram as 
the superconductors they cluster between 
the Chevrel group and the cuprates. These 
ferroelectric oxides are not superconduc- 
tors, though Phillips (1989a) suggested that 
doping them with Cu and alkaline earths 
could produce superconductors with high 
transition temperatures. 

Thus we see that the high transition 
temperatures of classical superconductors 
are favored by particular structures and by 
particular combinations of metallic coordi- 
nates for each of these structures. The 
Villars-Phillips approach provides both 
structural and atomic criteria for the pres- 
ence of high T c . 

We have discussed the Phillips ap- 
proach to a crystal chemistry explanation 
of the superconductivity of the cuprates. 
Other researchers have offered alternate, 
in some cases somewhat related, ap- 
proaches to understanding the commonali- 
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Figure 7 35 Regions in the Villars-Phillips configuration space where superconduc- 
tivity occurs at relatively high temperatures (Phillips, 1989a, p. 324; Villars and 
Phillips, 1988). 



ties of the various high-temperature and 
classical superconductors (Adrian, 1992; 
Schneider, 1992; Tajima and Kitazawa, 
1990; Whangbo and Torardi, 1991; Tor- 
race, 1992; Yakhmi and Iyer, 1992; Zhang 
and Sato, 1993). 



XIV. COMPARISON WITH CLASSICAL 
SUPERCONDUCTOR STRUCTURES 

Many elements such as copper and 
lead are face centered cubic, while many 
other elements, such as niobium, are body 

o 

centered cubic, with a = 3.30 A for Nb. 
The A15 compounds, such as Nb 3 Se, are 
(simple) cubic with lattice constant a ~ 
3.63^2 and have parallel chains of Nb 
atoms 5.14 A apart. Other types of classi- 
cal superconductors, such as the Laves and 
Chevrel phases, are cubic or close to cubic. 
The new oxide superconductors are tetrag- 
onal or orthorhombic close to tetragonal, 
and they all have a ~ b ~ 3.85 A, which is 
somewhat greater than the value for the 
^415 compounds. The third lattice constant 
c varies with the compound, with the 
values 13.2 A for LaSrCuO, o 11.7 A 
for YBaCuO, and ^ 23 to 36 A for the 



BiSrCaCuO and TIBaCaCuO compounds. 
These differences occur because the num- 
ber of copper-oxygen and other planes per 
unit cell, as well as the spacings between 
them, vary from compound to compound 
due to the diverse arrangements of atoms 
between the layers. Thus relatively high- 
symmetry crystal structures are character- 
istic of many superconductors. 

XV. CONCLUSIONS 

Almost all the high-temperature oxide 
superconductors have point symmetry D Ah 
(a = b) or symmetry close to D 4h (a ~ b). 
These superconductors consist of horizon- 
tal layers, each of which contains one posi- 
tive ion and either zero, one, or two oxy- 
gens. The copper ions may be coordinated 
square planar, pyramidal, or octahedral, 
with some additional distortion. Copper 
oxide layers are never adjacent to each 
other, and equivalent layers are never ad- 
jacent. The cations alternate sites verti- 
cally, as do the oxygens. The copper oxide 
layers are either flat or slightly puckered, 
in contrast to the other metal oxide layers, 
which are generally far from planar. The 
highest T c compounds have metal layers 
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(e.g., Ca) with no oxygens between the 
copper oxide planes. 



FURTHER READING 

The Wyckoff series, Crystal Structures (1963, Vol. 
1; 1964, Vol. 2; 1965, Vol. 3; 1968, Vol. 4) provides a 
comprehensive tabulation of crystal structures, but 
many important classical superconductors such as the 
A15 compounds are not included. The International 
Tables for X-Ray Crystallography (Henry and Lons- 
dale, 1965, Vol. 1) provide the atom positions and 
symmetries for all of the crystallographic space 
groups. The Strukturbericht notation, e.g., A 15 for 
Nb 3 Ge, is explained in Pearson's compilation (1958). 

Details of cuprate crystallographic structures are 
given by Beyers and Shaw (1989; YBa 2 Cu 3 0 7 ), Burns 
and Glazer (1990), Hazen (1990), Poole et al. (1988, 
Chapter 6), Santoro (1990), and Yvon and Francois 
(1989). Phillips (1989a) provides an extensive discus- 
sion of the crystal chemistry of the cuprates. Our 
earlier work (Poole et a/, 1988, p. 107) lists the site 
symmetries in perovskite and cuprate structures. 
Billinge et al. (1994) reviewed lattice effects in high 
temperature superconductors, and Zhu (1994) re- 
viewed structural defects in YBa 2 Cu 3 0 7 _ fi . 

The microstructure of high temperature super- 
conductors studied by electron microscopy are re- 
viewed by Chen (1990), Gai and Thomas (1992), Gross 
and Koelle (1994), and Shekhtman (1993). Oxygen 
stoichiometry in HTSCs is reviewed by Chan- 
drashekhar et al, (1994), Green and Bagley (1990) 
and by Routbert and Rothman (1995). Electron-doped 
superconductors are reviewed by Almasan and Maple 
(1991) and by Fontcuberta and Fabrega (1995). 

The March 1992 special issue of Accounts of 
Chemical Research (Vol. 25, No. 3) is devoted to 
reviews of buckminsterfullerenes. Two recent books 
are edited by Billups and Ciofolini (1993) and by 
Kroto and Walton (1993), and the review by Dressel- 
haus et al. (1994) are devoted to fullerenes. The 
thallium compounds were reviewed by Hermann and 
Yakhimi (1993) and the mercury superconductors by 
Chu (1995). 



PROBLEMS 

1. Show that the radius of the octahedral 
hole in an fee close-packed lattice of 
atoms of radius r 0 is equal to [\/2 - 
l]r 0 . What is the radius of the hole if 
the lattice is formed from oxygen ions? 

2. Show that the radius of the tetrahedral 
hole in an fee close-packed lattice of 
atoms of radius r 0 is equal to [(3 /2) I/2 
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- l)r 0 . What is the radius of the hole 
if the lattice is formed from oxygen 
ions? 

3. The "image perovskite" unit cell is 
generated from the unit cell of Fig. 7.1 
by shifting the origin from the point 
(0,0,0) to the point Sketch 
this "image" cell. Show that the planes 
of atoms in this cell are the image 
planes related by the body centering 
operation to those of the original per- 
ovskite. This image cell is the one that 
usually appears to represent perovskite 
in solid-state physics texts. 

4. Calculate the distance between the yt- 
trium atom and its nearest-neighbor 
Ba, Cu, and O atoms in the supercon- 
ductor YBa 2 Cu 3 0 7 . 

5. Write down the x,y, z coordinates for 
the five numbered atoms in the initial 
plane of Fig. 7.16. Give the explicit 
symmetry operations, with the proper 
choice of sign in Eq. (7.5) for each 
case, that transform these five atoms 
to their indicated new positions on the 
other three planes. 

6. Explain how the international and 
Schonflies symbols, mmm and D 2h re- 
spectively, are appropriate for desig- 
nating the point group for the or- 
thorhombic superconductors. 

7. What are the symmetry operations of 
the A15 unit cell of Fig. 3.19? 

8. The D 2h point group consists of eight 
symmetry operations that leave an or- 
thorhombic cell unchanged, namely an 
identity operation E that produces no 
change, three twofold rotations C\ 
along i=x, y 9 z, three mirror reflec- 
tion planes a ijy and an inversion /. 
Examples of these symmetry opera- 
tions are 

E x ->x y-*y z-*z 
C{ x^>x y-*-y z-+-z 

a xy x->x y -+y z-+ -z 
i x — jc y -> —y z -* -z. 

A group has the property that succes- 
sive application of two symmetry oper- 
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ations produces a third. Thus, we have, 
for example, 

2 2 2 

iC y 2 = <r 2X 



These results have been entered into 
the following multiplication table for 
the D 2h group. Fill in the remainder 
of the table. Hint: each element of a 
group appears in each row and each 
column of the multiplication table once 
and only once. 

E Q C{ Cf i a xy a yz <r 2x 



9. Construct the multiplication table for 
the D Ah point group which contains 
the 16 symmetry elements that leave a 
tetragonal unit cell unchanged. Which 
pairs of symmetry elements A and B 
do not commute, i.e., such that AB 
BA1 Hint; follow the procedures used 
in Problem 8. 
10. Draw diagrams analogous to those 
in Fig. 7.25 for the first two mem- 
bers of the aligned series 
TlBa 2 Ca fI Cu n + 1 0 5 + 2n , where n = 0, 1. 



E 






a 2 






c\ 






c\ 






i 






**y 












<*zx 




c\ 



11. Draw the analogue of Fig. 7.19 for the 
Nd 2 Cu0 4 compound, showing the lo- 
cation of all of the Cu and O atoms. 
How do Figs. 7.21 and 7.22 differ for 
Nd 2 Cu0 4 ? 

12. Calculate the Villars-Phillips coordi- 
nates for the three superconductors 
MoP 3 , V 3 Sn, and NbTi. 

13. Select one of the compounds 
(Tl 2 Ba 2 Cu0 6 , Bi 2 Sr 2 CaCu 2 0 8 , 
Bi 2 Sr 2 Ca 2 Cu 3 O 10 , n 2 Ba 2 Ca 2 Cu 3 0 6 ) 
and construct a table for it patterned 
after Tables 7.5 or 7.6. 

14. Locate a twofold (C 2 ), fivefold (C 5 ), 
and sixfold (C 6 ) rotation axis, and also 
a reflection plane cr h in the buckyball 
sketch of Fig. 3.35. How many of each 
type of operation are there? 

15. We can see by examining Fig. 3.35 that 
a buckyball has inversion symmetry. 
Identify a sixfold (S 6 ) and tenfold (5 10 ) 
improper rotation axis, where an im- 
proper rotation is understood to in- 
volve a sequential inversion and a 
proper rotation. How many S 6 and how 
many 5 10 axes are there? 

16. Show that the total number of edges E 
in a fullerene is given by 

s 

and the number of vortices is 

S 

where F 5 is the number of faces with s 
sides. 

17. Show that the cubic fullerene com- 
pound C 8 has nine resonant struc- 
tures. 
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